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MOTOR, ACTUATOR AND CONTROLLER THEREOF 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a motor and actuator 
controller, applied to a device or an apparatus employing a 
multi-axial driving system such as a robot, general-purpose 
assembly apparatus, robot-hand apparatus, or other multi- 
axial controllers, and particularly to an AC or DC motor or 
actuator controller which generates rotational torque due to 
formation of a predetermined magnetic distribution by 
controlling a supplied current to a coil thereof. 

More specifically, the present invention relates to a 
controller for an AC or DC motor or actuator wherein the 
coil current is controlled by PWM switching, and 
particularly to a controller which solves the problems of 
torque loss and cogging at times other than the on-period. 

Furthermore, the present invention relates to a. servo 
controller for an actuator employed as a joint actuator for 
a robot wherein each axial link is controlled under high- 
gain PD control, and particularly to a servo controller for 
an actuator for performing stable and high efficient 
operation by adjusting compliance thereof. 

2. Description of the Related Art 

An apparatus for performing operations similar to human 
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movement using electric or magnetic action is referred to as 
a "robot". It is said that the origin of the term "robot" 
is derived from the word "ROBOTA", which means a slave 
machine in Slavic. While robots have come into wide use in 
the late 1960s in Japan, in most cases, such robots were 
used as industrial robots such as manipulators, transfer 
robots, or the like, in order to perform automatic 
manufacturing without operators in a factory. 

Stationary robots, such as arm robots, which are 
installed at a fixed position, perform operation such as 
assembling of parts, selection of parts, or the like, in a 
fixed and local working space. On the other hand, mobile 
robots do not stay at a fixed position, but freely move 
along a predetermined route, or not according to a 
predetermined route, so as to provide human operation in a 
predetermined manner or in a flexible manner according to 
the situation, or so as to provide various types of services 
including a wide range of services which have been provided 
by humans, dogs, or other living things. Particularly, 
while ambulatory mobile robots are unstable, and have 
difficulty in controlling the attitude thereof and 
difficulty in controlling walking, as compared with crawler 
robots or tire robots, ambulatory mobile robots have the 
advantage of flexible movement such as descending and 
ascending stairs or a ladder, walking over an obstacle, and 
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flexible walking or running regardless of unevenness of the 
floor. 

Recently, while study and development of the ambulatory 
robots such as pet robots modeled on the body mechanism or 
movement of four-legged animals, e.g., dogs, cats, and the 
like, or human robots (which is also referred to as 
"humanoid robots") modeled on the body mechanism or movement 
of erect bipedal animals, i.e., humans, is progressing, 
demand for practical application of robots is increasing. 

In general, these kinds of ambulatory robots include a 
great number of j oint-degrees-of -freedom, and each joint is 
moved with an actuator motor. Furthermore, the ambulatory 
robots have a configuration wherein information regarding 
the rotational position, rotational amount, and the like, of 
each motor, is obtained, so as to perform servo control 
based thereupon, thereby performing movement in a desired 
pattern, as well as controlling the attitude thereof. 

In general, servo motors are employed in the robots for 
increasing j oint-degrees-of-f reedom of the robots. This is 
due to the reasons that the servo motor is easy to use, and 
has a small size and high torque performance, and 
furthermore exhibits excellent responsibility. In 
particular, an AC servo motor is a maintenance-free motor 
having no brushes, and accordingly, the AC servo motor is 
suitably employed in a joint actuator of an automatic 
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machine such as ambulatory robots which can freely walk, or 
the like, for operating in a working space without operators. 
The AC servo motor has a configuration wherein a permanent 
magnet is disposed as a rotor, and a multi-phase (e.g., 
three-phase) coils are disposed as a stator, so as to 
generate rotational torque for the rotor due to the sine- 
wave magnetic distribution and the sine-wave current. 

In general, the ambulatory robot has a configuration 
including a great number of joints. Accordingly, the servo 
motor is required to be designed and formed with a small 
size and high performance for exhibiting great joint- 
degrees-of-f reedom. For example, small-sized AC servo 
motors, which are directly connected by gears, having a 
configuration wherein servo control system, which can be 
employed as joint actuators in ambulatory mobile robots, is 
formed on one chip so as to be included in a motor unit are 
already available (see Japanese Unexamined Patent 
Application Publication No. 2000-299970, for example) . 

Multi-axial-driving apparatuses such as ambulatory 
robots require control for movement wherein the rotational 
position of each shaft is detected with high precision in a 
sure manner so as to control the movement based upon the 
positional commands. For example, erect bipedal mobile 
robots such as humanoid robots requires control for movement 
wherein the robot autonomously confirms the positional 
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attitude of itself, and moves each shaft so as to be 
positioned to a stable attitude of the robot immediately 
following turning on the power supply. Accordingly, the 
servo actuator for rotational j oint-degrees-of -freedom is 
required to perform control of positioning with high 
precision and high speed, as well as performing high torque 
output with low power consumption. 

Conventionally, with multi-axial robots such as bipedal 
robots (humanoid robots) , each axial link is controlled for 
corresponding joint portion under the high-gain PD control, 
and is moved with fixed properties, based upon the motion 
control theory. 

However, as can be understood from the results of study 
of human motion, it is important that the force applied to 
each joint portion, or the compliance thereof, is adjusted, 
in order to perform stable and highly-efficient motion. 

That is to say, while in a case of taking a motion of 
the joints as a positional control system, a servo control 
device with a high gain and wide band width is preferably 
employed so as to control the system with a small deviation, 
in a case of taking the motion of the joints as a dynamic 
model, motion control is preferably performed wherein the 
gain is reduced, or the frequency band for phase 
compensation is adjusted, according to the situation, at the 
same time, giving consideration to influence of the 
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potential energy or the kinetic energy thereof. 

However, in order to perform such control on the robot, 
functions for performing dynamic/static control of two kinds 
of properties (i.e., one is the properties of the actuator 
itself, and the other is the properties of the controller of 
the actuator) are required. 

For example, with a bipedal robot having a 
configuration similar to a human body, including arms on the 
upper body, an arrangement is known as described in several 
documents wherein in the event that the attitude thereof 
becomes unstable due to low friction on the walking road, 
the upper body is driven so as to recover a stable attitude 
(see Japanese Unexamined Patent Application Publication No. 
7-205069, for example) . However, the aforementioned 
arrangement effects such performance by controlling the feed 
forward gain, and the aforementioned documents make no 
mention whatever of the viscosity of the joint, and 
frequency properties, and furthermore make no mention 
whatever of compliance of the joint. 

Now, description will be made regarding driving control 
of an actuator, a well-known example of which is a servo 
motor . 

In general, a servo motor comprises a rotor formed of a 
magnet which is rotatably held, and a stator formed of 
multi-phase coils with predetermined phase difference. The 
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supplied current for each coil (which will be referred to as 
"coil current" hereafter) is adjusted so as to form the 
sine-wave magnetic flux distribution with predetermined 
phase difference on each phase coil, thereby generating 
rotational torque for the rotor. 

For example, sine-wave currents are applied to stator 
coils of three-phase motors, U, V, and W, with predetermined 
phase difference, so as to form sine-wave magnetic flux 
distribution, thereby generating the rotational torque for 
the stator formed of a magnet. Conventionally, a star 
connection wherein one end of the coils are connected to a 
single node as shown in Fig. 28, or a delta connection 
wherein both ends of the coils are connected one to another 
as shown in Fig. 29, is employed for a coil connection of a 
synchronous AC servo motor. It is needless to say that the 
star connection or delta connection is not restricted to be 
applied to the AC servo motor; rather, such connections may 
be applied to a DC brushless motor. In general, the star 
connection is suitably employed for a high-voltage power 
supply, and on the other hand, the delta connection is 
suitably employed for a low-voltage power supply (Note that 
the delta connection is not employed in a permanent magnet 
AC motor in many cases. The reason is that harmonic current 
occurring due to the permanent magnet loops at the time of 
the motor rotating at a high speed, leading to reduction of 
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the efficiency of the motor) . 

Fig. 30 is a diagram which shows a configuration 
example of an equivalent circuit of a current control 
circuit for supplying coil current, which is employed in a 
DC motor. Such a current control circuit is provided to a 
coil forming a stator, for example. A PWM control logic 
circuit generates current commands for a coil based upon 
current commands for controlling the stator magnetic field 
(torque commands) 10 from an unshown central control unit so 
as to perform switching-control of transistors of the 
current control circuit with PWM method. 

The current control circuit shown in Fig. 30 has a 
full-bridge configuration wherein a circuit formed of a pnp 
transistor A f and an npn transistor A, connected in the 
forward direction, and another circuit having the same 
configuration formed of a pnp transistor B' and an npn 
transistor B, connected in the forward direction, are 
connected between the power supply voltage Vcc and the 
ground GND in parallel, as well as the node between the 
transistors A 1 and A, and the node between the transistors 
B 1 and B, being connected with the single-phase coil forming 
a stator introduced therebetween. 

Upon turning on the transistors A 1 and B as well as 
turning off the transistors A and B f , the current I m flows 
in the motor coil in the direction of the arrow in the 
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drawing. Next, upon turning off the transistors A 1 and B, 
the coil becomes open circuited, and accordingly, no current 
is applied to the coil. 

Let us refer to the period for turning on the 
transistors A' and B as well as turning off the transistors 
A and B 1 so as to apply the coil current I m to the motor 
coil, as "Ton period". On the other hand, let us refer to 
the period for turning off the transistors A 1 and B as well 
as turning off the transistors A and B 1 so that no current 
is applied to the motor coil, as "T off period". 

Figs. 31 and 32 show the relation of switching of each 
transistor and the switching current of the current control 
circuit shown in Fig. 30 (Fig. 31 shows the voltage 
waveforms for switching the transistors for controlling the 
coil current, and Fig. 32 shows the coil current waveform) . 
Note that T on is determined with a pulse width so as to turn 
on the transistors A 1 and B, as well as turning off the 
transistors A and B 1 , and T PM p is a constant cycle period for 
PWM switching. For example, in the event that T on is set to 
30 jisec, and T PMP is set to 50 |isec, the current I m flows in 
the coil as shown in Fig. 32. As a result, the output 
torque of the motor is obtained corresponding to the input 
current to the coil. 

In general, each transistor is controlled so as to 
perform suitable on/off operations according to PWM 
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switching signals, thereby controlling the magnitude of the 
current I m which flows in the coil. The maximal current is 
determined by the maximal value of the pulse width T on . The 
maximal pulse width is determined by the maximal period for 
transient required for on/off operations of the transistors 
forming the current control circuit, and the properties of 
the motor coil which is to be driven. Furthermore, taking 
the transient period for the on/off operations of the 
transistor into consideration, dead bands td are provided 
such that the transistor A ' (or B ' ). connected . to the power 
supply voltage and the transistor A (or B) connected to the 
ground are not turned on at the same time. 

Furthermore, Fig. 33 shows a configuration example of 
an equivalent circuit with regard to a current control 
circuit for supplying coil current, which is applied to a 
three-phase motor. In the example shown in the drawing, the 
stator coil set has a configuration employing the delta- 
connection method. A PWM control logic circuit calculates 
the phase of the current which is to be applied to each coil 
so as to generate current commands for coils U, V, and W, 
based upon current commands for controlling the stator 
magnetic field (torque commands) 10 from an unshown central 
control unit, thereby performing switching-control of 
transistors U, U', V, V, W and W of the current control 
circuit with PWM method. 
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The current control circuit shown in Fig. 33 has a 
full-bridge configuration wherein a circuit formed of a pnp 
transistor U' and an npn transistor U, connected in the 
forward direction, for forming U-phase magnetic flux 
distribution, a circuit having the same configuration formed 
of a pnp transistor V f and an npn transistor V, connected in 
the forward direction, for forming V-phase magnetic flux 
distribution, and a circuit having the same configuration 
formed of a pnp transistor W 1 and an npn transistor W, 
connected in the forward direction, for forming W-phase 
magnetic flux distribution, are connected in parallel. Each 
collector of the pnp transistors U', V 1 , and W f , of the 
aforementioned circuits, each of which includes one pair of 
transistors connected in the forward direction, are 
connected to the power supply voltage Vcc in parallel, as 
well as the emitters of the other npn transistors U, V, and 
W, being connected to the ground GND in parallel. 
Furthermore, one end of a coil A is connected to the node 
between the transistors U 1 and U, and the other end thereof 
is connected to the node between the transistors V 1 and V, 
one end of a coil B is connected to the node between the 
transistors V f and V, and the other end thereof is connected 
to the node between the transistors W and W, and one end of 
a coil C is connected to the node between the transistors W 
and W, and the other end thereof is connected to the node 
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between the transistors U 1 and U. 

Furthermore, Fig. 34 shows a configuration of the 
bridge portion in a case of employing three-phase coils in 
star connection, not in delta connection. In this case, as 
shown in the drawing, one ends of the coils A, B, and C, are 
terminated, and the other ends are connected to the node 
between the pnp transistor U 1 and the npn transistors U, the 
node between the pnp transistor V and the npn transistors V, 
and the node between the pnp transistor W ? and the npn 
transistors W, respectively, in serial. 

Upon turning on the transistors U' and V, as well as 
turning off the transistors U and V 1 , current I A flows in 
the coil A in the direction of the arrow in the drawings. 
Subsequently, upon turning off the transistors U' and V, the 
coil A becomes open circuited, whereby no current is applied 
to the coil. 

In the same way, turning on the transistors V ! and W, 
as well as turning off the transistors V and W, current I B 
flows in the coil B in the direction of the arrow in the 
drawings. Subsequently, upon turning off the transistors V 
and W, the coil B becomes open circuited, whereby no current 
is applied to the coil. 

Furthermore, in the same way, turning on the 
transistors W and U as well as turning off the transistors 
W and U 1 , current I c flows in the coil C in the direction of 
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the arrow in the drawings- Subsequently , upon turning off 
the transistors W and U, the coil C becomes open circuited, 
whereby no current is applied to the coil. 

Figs. 35 and 36 show the relation of switching of each 
transistor and the switching current of the current control 
circuit shown in Fig. 33 (Fig. 35 shows the voltage 
waveforms for switching the transistors for controlling the 
coil currents, and Fig. 3 6 shows the coil current waveforms) . 
Each transistor is controlled so as to perform suitable 
on/off operations according to PWM switching signals, 
thereby controlling the magnitude of the currents I A , 1b, and 
Ic which flow in the coils. The maximal current is 
determined by the maximal value of the pulse width of the 
switching signals. Furthermore, dead bands td (not shown) 
are provided such that the transistor U f connected to the 
power supply voltage and the transistor U connected to the 
ground are not turned on at the same time. Dead bands are 
provided for V and V, and for W 1 and W, in the same way. 

Note that, with the PWM control for driving a motor, 
there are periods of time in which all the coils of the 
motor are open circuited regardless of the types of the DC 
motors such as brushless DC motors. For example, the 
hatched regions shown in Fig. 35 denote the periods of time 
in which all the phase coils of the motor A, B, and C, are 
open circuited. 
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At the time of the coil of the motor becoming open 
circuited, the current (more precisely, the flow of charges) , 
which flows in the coil of the motor, decays, leading to 
loss of torque. Furthermore, motors having such a 
configuration often cause irregularity in torque due to 
cogging. 

Description will be made below regarding the problems 
of loss of torque, cogging, and the like, at the time of the 
coils of the motor being open circuited (at the time of all 
the coils being open circuited, or during the period in time 
other than the period in time in which any coil is turned 
on) , with reference to the example of the DC motor shown in 
Fig. 30. 

An actual coil of the motor contains an inductance L 
and a DC resistance R, and accordingly, the coil current 
control circuit for the DC motor shown in Fig. 30 can be 
reduced to a model RL series circuit as shown in Fig. 37. 
As shown in the drawings, the RL series circuit serving as a 
model of the motor coil has a circuit configuration wherein 
one end is grounded to the ground GND, as well as the other 
end being connected to the power supply V C c through a switch 
SI, and being grounded to the ground GND through a switch S2, 
in parallel. 

Now, let us say that at the time of t = 0, the switch 
SI is turned on, and the switch S2 is turned off, so that 
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current is applied to the coil RL. In this case, the coil 
current I flows in the direction of the arrow in the drawing. 
In this case, the transient response of the coil current 
Ion(t) is represented by the following expression. 
[ Expression 1] 



Subsequently, the state wherein the switch SI is on and 
the switch S2 is off is maintained until t = tl, following 
which both the switches SI and S2 are turned off, so as to 
make the coil open circuited. In this case, the transient 
response of the coil current I 0 ff(t) is approximately 
represented by the following expression. Here, the 
coefficient a of the second term on the right hand side 
causes a gradient of the transient response function, around 
twice as great as the gradient thereof caused due to the 
decay time constant (the actual values are determined by the 
semiconductor properties of MOS-FETs, bipolar transistors, 
or the like, serving as the switching devices) . 
[ Expression 2] 





The transient response property of the coil current 
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represented by Expression 1 is shown in Fig. 38. The 
effective value I e ff of the coil current wherein switching 
operations are repeated is represented by the following 
Expression 3. As shown in Fig. 32, the effective value of 
the coil current is smaller than the maximal coil current. 
[ Expression 3] 



On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t ■ I) - 
Accordingly, the motor exhibits the motor output torque T as 
shown in Fig. 39, corresponding to the coil current shown in 
Fig. 32. As can be understood from the drawing, the 
effective value of the motor output torque is smaller than 
the maximal motor output torque at the time of the maximal 
coil current. That is to say, at the time of the coil of 
the motor becoming open circuited, the current (more 
precisely, the flow of charges) , which flows in the coil of 
the motor, decays, leading to loss of torque. Furthermore, 
the motor having such a configuration often causes 
irregularity in torque due to cogging. 

SUMMARY OF THE INVENTION 




T 



T 
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It is an object of the present invention to provide an 
excellent AC or DC motor for generating rotational torque 
due to a predetermined magnetic flux distribution formed by 
controlling current supplied to coils. 

It is another object of the present invention to 
provide an excellent AC or DC motor wherein coil current is 
controlled by PWM switching. 

It is another object of the present invention to 
provide an excellent AC or DC motor which eliminates the 
problems of torque loss and cogging during an off-period 
wherein no current is applied to the coil. 

It is another object of the present invention to 
provide an excellent servo controller for an actuator, 
formed of a positioning control system including a series 
compensation proportional gain and a phase compensating 
element. 

It is another object of the present invention to 
provide an excellent servo controller for an actuator 
employed as a joint actuator in a robot wherein each axial 
link is controlled with high-gain PD control. 

It is another object of the present invention to 
provide an excellent servo controller for an actuator 
wherein compliance (mechanical compliance) can be adjusted, 
thereby providing stable and high-efficient movement. 

The present invention has been made in order to solve 
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the above-described problems, and accordingly , a motor for 
generating rotational torque due to a predetermined magnetic 
flux distribution formed by controlling supplied current to 
coils, according to the first aspect of the present 
invention comprises: coil on/off switching means for 
performing switching operations between an on-state wherein 
current is supplied to the coils, and either a first off- 
state wherein the coil terminals are open-circuited or a 
second off-state wherein the coil terminals are short- 
circuited; and coil current control means for controlling 
switching operation of the coil on/off switching means 
according to commands input to the motor. 

In this case, the coil on/off switching means may 
comprise a first transistor switch set for connecting the 
coil terminals to the power supply voltage, and a second 
transistor switch set for connecting the coil terminals to 
the ground. 

Furthermore, the coil current control means may control 
switching between the on-period and off-period of the first 
and second transistor switch sets with PWM (Pulse Width 
Modulation) method. 

Furthermore, the coil current control means may control 
the motor to have the viscosity resistance by adjusting the 
ratio of the first off-state as to the second off-state, 
during a period wherein no current is supplied to the coils. 
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Furthermore, the coil current control means may control 
the ratio of the first off-state as to the second off-state, 
during a period wherein no current is supplied to the coils, 
with PWM (Pulse Width Modulation) method. 

Furthermore, the coil current control means may 
increase the ratio of the first off-state as to the off- 
state of the coil in order to increase the mechanical 
compliance of the motor. 

Furthermore, the coil current control means may 
increase the ratio of the second off-state as to the off- 
state of the coil in order to increase the viscosity 
resistance of the motor. 

In general, a motor for generating rotational torque 
due to a predetermined magnetic flux distribution formed by 
controlling current supplied to coils includes a switching 
operation circuit formed of a first transistor switch set 
for connecting the coil terminals to the power supply 
voltage, and a second transistor switch set for connecting 
the coil terminals to the ground. The aforementioned 
switching operation circuit is driven with PWM control so as 
to control coil current, thereby obtaining desired torque, 
rotational position, rotational speed, and the like. 

However, at the time of the coil of the motor is open 
circuited during a period wherein no current is applied to 
the coil (which will be referred to as "of f -period" 
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hereafter) , the current (more precisely, the flow of 
charges), which flows in the coil of the motor, decays, 
leading to loss of torque. Furthermore, the motor having 
such a configuration often causes irregularity in torque due 
to cogging. 

Accordingly, with the present invention, the short- 
circuited state, wherein the coil is not open-circuited, is 
introduced during the off-period of the motor coil, thereby 
preventing immediate decay of the current (more precisely, 
the flow of charges), which flows in the coil of the motor. 
In this case, the counterelectromotive force occurs due to 
the magnetic flux density from the permanent magnet. 
Accordingly, the force occurs in the direction reverse to 
the rotational direction of the motor due to the 
counterelectromotive force, thereby exhibiting viscosity 
resistance against the rotation from the external force, and 
thereby obtaining effects similar to braking. Such a 
viscosity resistance reduces irregularity in torque without 
loss of torque. 

As described above, in the event that the coil is 
short-circuited during an off-period, the motor has a kind 
of viscosity resistance, as described above. However, in 
the event that such a motor is employed in a robot, a 
problem occurs that the robot has no compliance from braking 
due to the coil being short-circuited. 
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Accordingly, with the present invention, the ratio of 
the period of the state wherein the motor coils are open- 
circuited as to the period of the state wherein the motor 
coils are short-circuited during an off-period of the motor 
coils, is adjusted according to desired mechanical 
properties with PWM method, for example, thereby eliminating 
the problem of irregularity in torque from torque loss or 
cogging, due to decay of current (more precisely, the flow 
of charges) , which flows in the coil of the motor, during a 
period wherein the motor coils are open-circuited, and the 
problem of shortage of compliance (mechanical compliance) 
from the braking effects due to the coil being short- 
circuited during an off-period of the motor coils, at the 
same time. 

A servo controller for an actuator including a 
positioning control system having a series compensation 
proportional gain, and a phase compensation element, 
according to the second aspect of the present invention, 
comprises phase compensation band setting means for freely 
adjusting the frequency band for . performing phase 
compensation by the phase compensation element. 

With the servo controller for the actuator according to 
the second aspect of the present invention, the frequency 
band for performing phase compensation is freely adjusted so 
as to control the frequency properties of the actuator. 
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Thus, the frequency properties of a joint shaft of a robot 
formed of such actuators can be dynamically adjusted 
according to the attitude of the robot or the movement 
situation . 

Furthermore, with the servo controller for the actuator 
according to the second aspect of the present invention, the 
frequency band for performing phase compensation can be 
adjusted while maintaining the amount of phase compensation 
to a constant value. 

For example, in the event that phase compensation is 
performed over the entire frequency range, the actuator 
exhibits relatively high gain over the entire frequency 
range, but often leading to loss of energy. Furthermore, in 
the event that the motor load changes, the actuator cannot 
exhibit stable movement. 

On the other hand, in the event that phase compensation 
is performed for a high-frequency band, phase lead 
compensation is performed only in a high-frequency range, 
and accordingly, this phase compensation control has marked 
advantages with regard to high-speed actions such as running, 
jumping, dancing, or the like, while having little 
advantages with regard to slow actions. 

A servo controller for an actuator according to the 
second aspect of the present invention may further comprises 
series compensation proportional gain setting means for 
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freely adjusting the magnitude of the proportional gain. 

As described above, in the event that phase 
compensation is performed for a high-frequency band, phase 
lead compensation is performed only in a high-frequency 
range, and accordingly, this phase compensation control has 
little advantages with regard to slow actions. However, 
with the servo controller for an actuator according to the 
second aspect of the present invention, the gain can be 
increased in a low-frequency band by the series compensation 
proportional ,gain setting means, thereby reducing control 
deviation in the low-frequency band. As a result, the 
actuator can make high-speed response to command values, 
even in a case of low-speed action. 

Furthermore, a servo controller for an actuator 
including a positioning control system having a series 
compensation proportional gain, and a phase compensation 
element, according to the third aspect of the present 
invention, comprises phase compensation amount setting means 
for freely adjusting the amount of phase compensation 
performed by the phase compensation element. 

With the servo controller for an actuator according to 
the third aspect of the present invention, the amount of 
phase compensation can be adjusted so as to control the 
frequency properties of the actuator. Thus, the frequency 
properties of a joint shaft of a robot formed of such 
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actuators can be dynamically adjusted according to the 
attitude of the robot or movement situation. 

A servo controller for an actuator including a 
positioning control system having a series compensation 
proportional gain, and a phase compensation element, 
according to the fourth aspect of the present invention, 
comprises series compensation proportional gain setting 
means for freely adjusting the magnitude of the series 
compensation proportional gain. 

Furthermore, the servo controller for an actuator 
according to the invention, may further comprises viscosity 
coefficient setting means for controlling the viscosity 
resistance of the actuator. 

An actuator including a servo controller according to 
the present invention may be employed in each joint portion 
of a bipedal mobile robot. 

For example, with the actuator employed in the neck 
portion, a high proportional gain is employed in order to 
improve the positioning precision with the highest priority. 
Furthermore, a great viscosity coefficient is employed for 
the joint in order to obtain robustness against the 
vibration due to external influence occurring at the time of 
the portions lower than the trunk moving. 

On the other hand, with the actuator employed in the 
joints of the shoulder and elbow portions, in the event that 
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the robot performs a sequential movement such as walking, 
dancing, or the like, the actuator is controlled to have the 
properties so as to exhibit the improved mechanical 
compliance as compared with the positioning precision. In 
this case, the viscosity coefficient of the joint is set to 
a small value so as to exhibit movement with compliance. 
Furthermore, the proportional gain is set to a low value in 
order to reduce power consumption. Furthermore, the 
frequency band for performing phase lead compensation is set 
to a great value, and the phase lead is set to a great value, 
in order to increase the speed of the movement. While the 
robot performs various types of movements, the robot may 
perform a reciprocal movement as like a pendulum swinging. 
In this case, the viscosity coefficient of the corresponding 
joints and the proportional gain are set to the minimal 
values so as to obtain mechanical compliance, thereby 
facilitating use of a great part of dynamic energy for the 
movement . 

On the other hand, in the event that the robot performs 
a loading movement such as pushing or pulling an object, the 
actuator is controlled such that the properties for 
improving positioning precision with the highest priority, 
and the properties for improving the mechanical compliance, 
are dynamically switched according to loading torque. In 
the event that the robot performs movement with force 
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greater than the loading torque, the proportional gain and 
the viscosity coefficient of the corresponding joints are 
increased. On the other hand, in the event that the robot 
performs movement with a constant loading force following 
the loading torque, control is not performed only according 
to top-down positioning command values, but is also 
performed by adjusting the proportional gain and the 
viscosity coefficient of the corresponding joints based upon 
the loading torque detected by a torque detector within the 
actuator. Specifically, the proportional gain and the 
viscosity coefficient of the corresponding joints are 
reduced as compared with a case of the above-described 
loading movement so as to obtain mechanical compliance. 

On the other hand, with the actuator employed in the 
trunk portion, the viscosity coefficient of the 
corresponding joints is increased in order to obtain 
robustness against the vibration occurring from the external 
influence due to the movement thereof. The proportional 
gain is set to a high value in order to improve the 
positioning precision with the highest priority. A small 
amount of phase lead is employed within a range wherein 
deterioration in the stability obtained does not occur due 
to an increase of the proportional gain while maintaining 
the speed of the movement . 

On the other hand, with the actuator employed in the 
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crotch-joint portion, the viscosity coefficient of the 
corresponding joints is increased in order to obtain 
robustness against the vibration occurring from the external 
influence due to the movement thereof. The proportional 
gain is set to a high value in order to improve the 
positioning precision with the highest priority. A small 
amount of phase lead is employed within a range wherein 
deterioration in the stability obtained does not occur due 
to an increase of the proportional gain while maintaining 
the speed of the movement. 

On the other hand, with the actuator employed in the 
knee portion, at the time of the leg of the robot being off 
the ground, or at the point of the leg touching the ground, 
the actuator is controlled so as to improve the mechanical 
compliance with a priority higher than with the positioning 
precision. That is to say, the viscosity coefficient of the 
corresponding joints is reduced in order to exhibit the 
movement with compliance. Furthermore, the proportional 
gain is set to a small value in order to reduce the power 
consumption, as well as exhibiting the movement with 
compliance. Furthermore, the frequency band for performing 
phase lead compensation is increased, and the phase lead is 
set to a great value, in order to increase the speed of the 
movement . 

On the other hand, at the time of the leg supporting 
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the body of the robot, the viscosity coefficient of the 
corresponding joints is increased in order to obtain 
robustness against the vibration occurring from the external 
influence due to the movement thereof, the proportional gain 
is set to a great value so as to improve the positioning 
precision with a high priority, and a small amount of phase 
lead is employed within a range wherein deterioration in the 
stability obtained does not occur due to an increase of the 
proportional gain while maintaining the speed of the 
movement . 

On the other hand, with the actuator employed in the 
ankle portion, at the time of the leg of the robot being off 
the ground, or at the point of the leg touching the ground, 
the actuator is controlled so as to improve the mechanical 
compliance with a priority higher than with the positioning 
precision. The viscosity coefficient of the corresponding 
joints is set to a small value so as to obtain the 
mechanical compliance, thereby reducing the impact due to 
the leg portion touching the ground. Furthermore, the 
frequency band for performing phase compensation is 
increased, and the phase lead is set to a great value, in 
order to increase the speed of the movement. 

On the other hand, at the time of the leg supporting 
the body of the robot, the torque generated at the ankle 
portion is increased, and the viscosity coefficient of the 
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corresponding joints is set to a great value in order to 
obtain robustness against the vibration occurring from the 
external influence due to the movement thereof. The 
proportional gain is set to a high value in order to improve 
the positioning precision for the ankle portion. A small 
amount of phase lead is employed within a range wherein 
deterioration in the stability obtained does not occur due 
to an increase of the proportional gain while maintaining 
the speed of the movement. 

The present invention provides an excellent AC or DC 
motor, wherein the coil currents are controlled by PWM 
switching. 

Furthermore, the present invention provides an 
excellent AC or DC motor, which eliminates the problems of 
torque loss and cogging due to periods wherein no current is 
applied to the motor coils. 

On the other hand, in the event that the coil is short- 
circuited during an off-period, the motor has a kind of 
viscosity resistance. However, in the event that such a 
motor is employed in a robot, a problem occurs that the 
robot has no compliance from braking due to the coil being 
short-circuited. With the present invention, the ratio of 
the period of the state wherein the motor coils are open- 
circuited as to the period of the state wherein the motor 
coils are short-circuited during an off-period of the motor 
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coils, is adjusted according to desired mechanical 
properties, thereby eliminating the problem of irregularity 
in torque from torque loss or cogging, due to decay of 
current (more precisely, the flow of charges) , which flows 
in the coil of the motor, during a period wherein the motor 
coils are open-circuited, and the problem of shortage of 
compliance (mechanical compliance) from the braking effects 
due to the coil being short-circuited during an off-period 
of the motor coils, at the same time. 

Furthermore, the present invention provides an 
excellent servo controller for an actuator, including a 
positioning control system formed of a series compensation 
proportional gain, and a phase compensating element. 

Furthermore, the present invention provides an 
excellent servo controller for an actuator, which can be 
employed as a joint actuator of a robot wherein each axis 
link is controlled with high-gain PD control. 

Furthermore, the present invention provides an 
excellent servo controller for an actuator, wherein the 
compliance (mechanical compliance) can be adjusted, thereby 
providing stable and high-efficient movement. 

Further objects, features and advantages of the present 
invention will become apparent from the following 
description of the preferred embodiments with reference to 
the attached drawings. 
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BRIEF DESCRIPTION- OF THE DRAWINGS 

Fig. 1 is a diagram which shows the transient response 
property (the present invention) in the event that switching 
is performed from the state wherein current is applied to a 
coil, to the state wherein the coil is short-circuited; 

Fig. 2 is a diagram which shows a coil current waveform 
in the event that the switching shown in Fig. 1, between 
state wherein current is applied to a coil, and the state 
wherein the coil is short-circuited, is repeated; 

Fig. 3 is a diagram which shows the change in the motor 
torque over time, corresponding to the change in the coil 
current over time shown in Figs. 1 and 2; 

Fig. 4 is a configuration example of an equivalent 
circuit of a current control circuit for supplying coil 
current in a case of applying the control mechanism for coil 
current according to the present invention to a DC motor; 

Fig. 5 is a diagram which shows a configuration of an 
additional logic circuit; 

Fig. 6 is a diagram which shows output properties of 
control signals for each transistor, converted by the 
additional logic circuit, along with the coil current 
waveform property and the torque output property, in the 
event that a high-level BREAK_PWM signal is input to the 
additional logic circuit; 
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Fig. 7 is a diagram which shows output properties of 
control signals for each transistor, converted by the 
additional logic circuit, along with the coil current 
waveform property and the torque output property, in the 
event that a BREAK_PWM signal with a predetermined duty 
ratio is input to the additional logic circuit for 
performing PWM control; 

Fig. 8 is a configuration example of an equivalent 
circuit of a current control circuit for supplying coil 
current in a case of applying the control mechanism for coil 
current according to the present invention to a three-phase 
motor; 

Fig. 9 is a diagram which shows a configuration of a 
bridge portion in a case of employing a three-phase coil 
formed with a star connection, rather than a delta 
connection; 

Fig. 10 is a diagram which shows a configuration of the 
additional logic circuit; 

Fig. 11 is a diagram which shows output properties of 
control signals for each transistor, converted by the 
additional logic circuit, along with the coil current 
waveform properties, in the event that a BREAK_PWM signal 
with a predetermined duty ratio is input to the additional 
logic circuit for performing PWM control; 

Fig. 12 is another configuration example of an 
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equivalent circuit of a current control circuit for 
supplying coil current in a case of applying the control 
mechanism for coil current according to the present 
invention to a three-phase motor; 

Fig, 13 is a diagram which shows a specific circuit 
configuration of the additional logic circuit; 

Fig. 14 is a diagram which shows the waveforms of the 
control signals for each transistor in the event that a 
BREAK_PWM signal with a predetermined duty ratio is input to 
the additional logic circuit so as to repeat switching 
between the state wherein the coils are open-circuited and 
the state wherein the coils are short-circuited during off- 
periods of the coils; 

Fig. 15 is a chart which shows the relation between the 
duty ratio of the BREAK_PWM signal and the viscosity 
coefficient in a case of employing the current control 
method for a three-phase motor shown in Fig. 12; 

Fig. 16 is a chart which shows the relation between the 
command value for controlling the torque (the duty ratio of 
the BREAK_PWM signal) and the effective current in a case of 
employing the current control method for a three-phase motor 
shown in Fig. 12; 

Fig. 17 is a chart which shows the relation between the 
command value for controlling the torque (the duty ratio of 
the BREAK_PWM signal) and the output torque of the motor in 
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a case of employing the current control method for a three- 
phase motor shown in Fig. 12; 

Fig. 18 is a chart which shows the relation between the 
torque control command value and the generated torque, 
subjected to mathematical correction, with the duty ratio of 
the BREAK_PWM signal of 37%; 

Fig. 19 is a chart for describing the correction method 
for the relation between the torque control command value 
and the generated torque shown in Fig. 18; 

Fig. 20 is a diagram which shows a configuration of a 
servo controller for an actuator according to an example of 
the present invention; 

Fig. 21 is a chart which shows the frequency properties 
of the gain and the phase, obtained from a transfer function 
model for the motor and speed reducer shown in Fig. 20; 

Fig. 22 is a chart for describing design examples of a 
phase-compensation-control servo controller for freely 
adjusting the frequency band for phase compensation; 

Fig. 23 is a chart for describing design examples of a 
phase-compensation-control servo controller for freely 
adjusting the amount of phase compensation; 

Fig. 24 is a chart for describing design examples of 
the servo controller shown in Fig. 20, wherein the magnitude 
of the series compensation gain K can be adjusted; 

Fig. 25 is a chart which shows open-loop properties of 
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the servo controller for the actuator shown in Fig. 20, 
wherein the frequency band for performing phase compensation 
is adjusted while maintaining the amount of phase 
compensation, as shown in Fig. 22; 

Fig. 26 is a diagram which shows the open-loop 
properties of the example C(s)-3 shown in Fig. 25, further 
subjected to control by the series compensation gain; 

Fig. 27 is a schematic diagram which shows a degree-of- 
freedom configuration example of an ambulatory mobile robot; 

Fig. 28 is a diagram which shows a star connection 
(conventional example) for a three-phase servo motor; 

Fig. 2 9 is a diagram which shows a delta connection 
(conventional example) for a three-phase servo motor; 

Fig. 30 is a diagram which shows a configuration 
example (conventional example) of an equivalent circuit of a 
current control circuit for supplying coil current, employed 
in a DC motor; 

Fig. 31 is a diagram which shows waveforms of the 
control logic signals for controlling the transistors for 
performing on/off switching operations of the coil, output 
from the PWM control logic circuit shown in Fig. 30; 

Fig. 32 is a chart which shows a waveform of the coil 
current controlled by the current control circuit shown in 
Fig. 30; 

Fig. 33 is a diagram which shows a configuration 
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example (conventional example) of an equivalent circuit of a 
current control circuit for supplying coil current, employed 
in a three-phase motor; 

Fig. 34 is a diagram which shows a configuration of a 
bridge portion in a case of employing a three-phase coil 
formed with a star connection, rather than a delta 
connection; 

Fig. 35 is a diagram which shows waveforms of the 
control logic signals for controlling the transistors for 
performing on/off switching operations of the coils, output 
from the PWM control logic circuit shown in Fig. 33; 

Fig. 36 is a chart which shows waveforms of the coil 
currents controlled by the current control circuit shown in 
Fig. 33; 

Fig. 37 is a circuit diagram which shows an RL series 
circuit serving as a model of a coil current control circuit 
of the DC motor shown in Fig. 30; 

Fig. 38 is a diagram which shows the transient response 
property (conventional example) in the event that switching 
is performed from the state wherein current is applied to a 
coil, to the state wherein the coil is open-circuited; and 

Fig. 39 is a diagram which shows the change in the 
motor torque over time, corresponding to the change in the 
coil current over time shown in Fig. 32. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Description will be made below in detail regarding 
embodiments according to the present invention with 
reference to the drawings. 
A. Configuration of actuator motor 

In general, a motor having a configuration wherein 
current supplied to the coil is controlled so as to form a 
predetermined magnetic flux distribution, thereby generating 
rotational torque, comprises a switching circuit formed of a 
first transistor switch set for connecting the terminals of 
coils to the power supply voltage, and a second transistor 
switch set for grounding the terminals of the coils, wherein 
the switching circuit is driven under the PWM control so as 
to control coil currents, thereby obtaining- a desired torque, 
rotational position, rotational speed, and the like. 

However, at the time of no current being applied to the 
coils of the motor due to the coils being open circuited, 
the current (more precisely, the flow of charges), which 
flows in the coil of the motor, decays, leading to loss of 
torque. Furthermore, the motor having such a configuration 
often causes irregularity in torque due to cogging (as 
described above) . 

Accordingly, a motor according to the present invention 
has a configuration which provides a short circuited state 
wherein the coils are not open circuited, even during the 
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period in time in which no current is applied to the coils 
of the motor, thereby prevent the current (more precisely, 
the flow of charges) , which flows in the coil of the motor, 
from decaying. With such a configuration, counter- 
electromotive force occurs in the coil of the motor due to 
the magnetic flux density from a permanent magnet. 
Accordingly, force occurs in the direction reverse to the 
rotational direction of the motor, and accordingly, viscous 
resistance to rotation of the motor due to external force 
occurs, thereby obtaining effects similar to braking. Thus, 
such viscous resistance eliminates the problem of loss of 
the torque, and reduces the influence due to cogging. 

Now, description will be made regarding the operation 
for obtaining the braking effects from the force reverse to 
rotation of the motor caused due to the counter- 
electromotive force in the coil of the motor, with reference 
to the model coil current control circuit wherein a coil of 
the motor is represented by an RL series circuit as shown in 
Fig. 37. 

First, let us say that the switch SI is turned on, and 
the switch S2 is turned off, at the time of t = 0, so that 
current is applied to the coil RL. In this case, the coil 
current I flows in the direction of the arrow in the drawing. 
In this case, transient response of the coil current I 0 n(t) 
is represented by the following expression. 
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[ Expression 4] 




Subsequently, the state wherein the switch SI is on and 
the switch S2 is off is maintained until t = tl, following 
which the switch SI is turned off, and the switch S2 is 
turned on, so as to short-circuit the coil. In this case, 
the transient response of the coil current I 0 ff(t) is 
represented by the following expression.. 
[ Expression 5] 
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Fig. 1 shows the transient response property of the 
coil current wherein current is applied to the coil, 
following which the coil is short-circuited during the 
period of time in which no current is applied to the coil, 
as compared with the transient response property thereof 
wherein the coil is open-circuited during the period of time 
in which no current is applied to the coil. As can be 
understood from the drawing, with the configuration wherein 
the coil is short-circuited during the period of time in 
which no current is applied, the period in which the coil 
current returns to zero due to transient response increases. 
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In the event that the above-described operation is 
repeated, next operation for applying current to the coil is 
started again, prior to the time at which the coil current 
returns to zero during the period of time in which no 
current is applied, and accordingly, the maximal current of 
the coil successively increases with every operation wherein 
current is applied to the coil, following which no current 
is applied- In the same way, the effective value of the 
coil current I e ff gradually increases as shown in the 
drawings. Fig. 2 shows the coil current waveform in this 
case . 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (i.e., T = K t ■ I). 
Accordingly, the motor exhibits the motor output torque as 
shown in Fig. 3, corresponding to the coil current shown in 
Fig. 2. As can be understood from the drawing, the 
effective value of the motor output torque increases 
corresponding to an increase of the coil current in a case 
of repetition of the operation wherein current is applied to 
the coil, and the coil is short-circuited. As described 
above, the coil of the motor is short circuited during the 
period of time in which no current is applied to the coil, 
thereby preventing the current (more precisely, the flow of 
charges), which flows in the coil of the motor, from 
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decaying, and thereby eliminating the problem of loss of the 
torque. Furthermore, the motor having such a configuration 
reduces the problem of irregularity in torque due to cogging. 

In a case of a configuration wherein the coil is short 
circuited during the period of time in which no current is 
applied to the motor coil, the force serving as viscous 
resistance is provided to the motor, as described above. 
However, in the event that such a motor is employed for a 
robot, a problem occurs that the portion employing the motor 
exhibits small compliance from braking due to the coil being 
short-circuited. 

Accordingly, in order to solve both the problem of 
irregularity in torque from torque loss or cogging, due to 
decay of current (more precisely, the flow of charges) which 
flows in the coil of the motor during the period of time in 
which the coil is open circuited, and the problem of small 
compliance (mechanical compliance) from the braking due to 
the coil being short circuited during the period of time in 
which no current is applied to the motor coil, the present 
invention provides an arrangement wherein the ratio of the 
period of the coil being open circuited as to the period of 
the coil being short circuited, during the period of time in 
which no current is applied to the motor coil, is adjusted 
according to desired mechanical properties. 

Note that while the ratio of the on-period of the motor 
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as to the off-period thereof can be adjusted by PWM control, 
the ratio of the period of the coil being open-circuited as 
to the period of the coil being short-circuited during a 
period in which no current is applied to the motor coil, can 
be adjusted by PWM control, as well. 

Fig. 4 shows a configuration example of an equivalent 
circuit of a current control circuit for supplying coil 
current to a DC motor employing the coil current control 
mechanism according to the present invention. 

The current control circuit shown in the drawing has a 
full-bridge configuration wherein a circuit formed of a pnp 
transistor A 1 and an npn transistor A, connected in the 
forward direction, and another circuit having the same 
configuration formed of a pnp transistor B 1 and an npn 
transistor B, connected in the forward direction, are 
connected between the power supply voltage Vcc and the 
ground GND in parallel, as well as the node between the 
transistors A' and A, and the node between the transistors 
B' and B, being connected with a single-phase coil forming a 
stator introduced therebetween. 

Upon turning on the transistors A' and B, as well as 
turning off the transistors A and B 1 , the current I m flows 
in the motor coil in the direction of the arrow in the 
drawing. Subsequently, upon turning off the transistors A 1 
and B, the coil becomes open circuited, the current I m does 
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not flow. On the other hand, upon turning off the 
transistors A 1 and B, as well as turning on the transistors 
A and B 1 , the motor coil becomes short-circuited. 

A PWM control logic circuit generates current commands 
for a coil based upon current commands for controlling the 
stator magnetic field (torque commands) from an unshown 
central control unit so as to perform switching-control of 
the transistors with PWM method. That is to say, the on- 
period wherein the transistors A 1 and B are turned on, as 
well as the transistors A and B' being turned off, so that 
the current I m is applied to the coil, and the off-period 
wherein the transistors A' and B are turned off so that no 
current is applied to the coil, are alternately generated. 

An additional logic circuit generates control logic 
signals for controlling on/off operation of the transistors 
from the signals AO, AO 1 , BO, and BO 1 , output from the PWM 
control logic circuit, with an additional logic function. 
Thus, the state of the coil can be switched between the 
state of the coil being open-circuited and the state of the 
coil being short-circuited during a' period in which no 
current is applied to the motor coil, according to the 
control logical signals output from the additional logic 
circuit. Fig. 5 shows a specific circuit configuration of 
the additional logic circuit. 

With the additional logic circuit shown in Fig. 5, the 
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logical control signals Ao, Ao 1 , B 0 , and Bo 1 , output from the 
PWM control logic circuit, for controlling the transistors A, 
A 1 , B, and B 1 , respectively, are converted into the final 
logical control signals, as follows. 

That is to say, first, the logical product of the 
logical signals Ao 1 and Bo 1 is taken (which will be referred 
to as "AND(Ao f / Bo 1 )"), and the logical inversion of the 
logical add of the logical signals A 0 and B 0 is taken (which 
will be referred to as "INV • OR(A 0 , B 0 )"). Subsequently, 
the logical inverse of the logical product of AND (Ao ' , Bo 1 ) 
and the INV • OR(Ao, Bo) is taken (which will be referred to 
as "INV-AND_1") . Furthermore, the logical add of the INV- 
AND_1 and the logical inversion of BREAK_PWM control signals 
is taken (which will be referred to as "OR__l"). 
Subsequently, the logical products of the 0R_1, and each of 
A 0 , A 0 f , B 0 , and B 0 ' , are taken, serving as the final 
transistor control signals Ai, Ai', Bi, and Bi 1 , respectively. 

In the event that the PWM control logic circuit inputs 
signals such that no current is applied to the coil, to the 
additional logic circuit, and furthermore, a high-level 
BREAK_PWM control signal is input thereto, the additional 
logic circuit generates transistor control signals such that 
the coil is short-circuited. Specifically, in a case of the 
state wherein no current is applied to the coil, the PWM 
control logic circuit outputs transistor control signals of 
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high-level AO 1 and AO, and low-level BO 1 and BO. In this 
case, in the event that a high-level BREAK_PWM control 
signal is input to the additional logic circuit, the high- 
level AO' and AO are converted into the low-level Al 1 and Al, 
whereby the coil becomes short-circuited. 

On the other hand, in the event that a low-level 
BREAK_PWM control signal is input to the additional logic 
circuit, the additional logic circuit outputs the transistor 
control signals from the PWM control logic circuit, without 
change, whereby the coil is open-circuited during an off- 
period thereof. 

Fig. 6 shows the output properties of the transistor 
control signals output from the additional logic circuit in 
the event that a high-level BREAK_PWM control signal is 
input, along with the coil current waveform properties, and 
the torque output properties. 

In the event that the coil is short-circuited during an 
off-period thereof, the period required for the coil current 
returning to zero increases due to transient response 
(described above) . Accordingly, in the event that the 
operation wherein a current is applied to the coil, and the 
operation wherein the coil is short-circuited, are 
alternately repeated, the next current application to the 
coil is started prior to the current returning to zero 
during the off-period of the coil, and accordingly, the 
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maximal current of the coil gradually increases, for each 
time switching operation between the state wherein current 
is applied to the coil, and the state wherein no current is 
applied to the coil, is repeated, as shown in the drawing. 
In the same way, the effective value I e ff of the coil current 
gradually increases as shown in the drawing. 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t ■ I) - 
Accordingly, in the event that switching operation between 
the state wherein the current is applied to the coil, and 
the state wherein the coil is short-circuited, is repeated, 
the effective value of the motor torque increases due to an 
increase of the coil current. That is to say, the motor 
coil is short-circuited during off-period, and accordingly, 
immediate decay of the current (more precisely, the flow of 
charges), which flows in the coil of the motor, is prevented, 
thereby reducing loss of the torque. Furthermore, this 
prevents irregularity in the torque due to cogging. 

That is to say, in the event that the coil is short- 
circuited during off-period, the motor has a kind of 
viscosity resistance, as described above. However, in the 
event that such a motor is employed in a robot, a problem 
occurs that the robot has no compliance from braking due to 
the coil being short-circuited. 
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Accordingly, with the present embodiment, the 
additional logic circuit converts the logical signals output 
from^ the PWM control logic circuit based upon the BREAK_BWM 
control signals, so as to control the ratio of the state 
wherein the coil is open-circuited, as to the state wherein 
the coil is short-circuited, during off-period of the coil. 

Note that the transient response properties of the coil 
current in a case of the coil being open-circuited during an 
off-period of the coil, are represented by the Expression 
(2) . On the other hand, the transient response properties 
of the coil current in a case of the coil being short- 
circuited, are represented by the Expression (5). In the 
event that switching operation is performed between the 
state wherein the coil is open-circuited, and the state 
wherein the coil is short-circuited, during an off-period of 
the motor coil, under the PWM control, the properties of the 
coil current are represented by the mixture value of the 
properties of the coil current in a case of the coil being 
short-circuited, and in a case of the coil being open- 
circuited, calculated based upon the duty ratio thereof. 

Fig. 7 shows the output properties of the transistor 
control signals for performing PWM control, converted by the 
additional logic circuit based upon BREAK_PWM control 
signals with a predetermined duty ratio, along with the coil 
current waveform properties and the torque output properties. 



- 48 - 



In the event that the coil is short-circuited during 
off-period of the coil, the time required for the coil 
current returning to zero increases due to transient 
response. Conversely, in the event that the coil is short- 
circuited during off-period of the coil, the time required 
for the coil current returning to zero is reduced. In the 
event of performing PWM control using the control signals 
converted by the additional logic circuit based upon 
BREAK_PWM control signals, the properties of the coil 
current are represented by the mixture of the properties of 
the state wherein the coil is open-circuited, and the state 
wherein the coil is short-circuited, during off-periods of 
the coil, calculated based upon a duty ratio of the 
BREAK_PWM control signals. 

Accordingly, as shown in the drawing, in the event that 
the operation wherein a current is applied to the coil, and 
the operation wherein the coil is short-circuited, are 
alternately repeated, the next current application to the 
coil is started prior to the coil current returning to zero 
during the off -period of the coil. While the maximal 
current of the coil gradually increases, for each time 
switching operation between the state wherein current is 
applied to the coil, and the state wherein no current is 
applied to the coil, is repeated, the gradient of the 
maximal current as to time is generally proportional to the 
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duty ratio of the BREAK_PWM control signals, i.e., the ratio 
of the width of the high-level BREAK_PWM control signals. 
In the same way, while the effective value I e ff of the coil 
current gradually increases as shown in the drawing, the 
gradient thereof is generally proportional to the duty ratio 
of the BREAK_PWM control signals, i.e., the ratio of the 
width of the high-level BREAK_PWM control signals. 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t • I), the 
effective value of the motor torque increases due to an 
increase of the coil current in the event that the state 
wherein current is applied to the coil, and the state 
wherein no current is applied to the coil, are alternately 
repeated, as can be understood from the drawing. In this 
case, the gradient of the motor torque as to time is 
generally proportional to the ratio of the duty ratio, i.e., 
the ratio of the width of the high-level BREAK_PWM control 
signals. In the same way, the viscosity coefficient, which 
determines the viscosity resistance occurring due to the 
counter electromotive force of the motor coil, is 
proportional to the ratio of the width of the high-level 
BREAK_PWM control signals. That is to say, the effective 
value of the motor torque, and the viscosity coefficient, 
which determines the viscosity resistance, can be 
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dynamically controlled by adjusting the duty ratio of the 
BREAK_PWM control signals. 

As described above, with the present embodiment, the 
logical control signals output from the PWM control logic 
circuit is converted by the additional logic circuit based 
upon the adjusted duty ratio of the BREAK_PWM control 
signals, thereby controlling the ratio of the state wherein 
the coil is open-circuited, as to the state wherein the coil 
is short-circuited, during off-period of the motor coil, 
according to the desired mechanical properties. 

Thus, the present invention eliminates the problem of 
loss of the torque due to decay of the current (more 
precisely, the flow of charges) , which flows in the coil of 
the motor, during the period of the coil being open- 
circuited, the problem of irregularity in torque due to 
cogging, and the problem of shortage of compliance 
(mechanical compliance) from braking due to the coil being 
short-circuited during the off-period of the motor coil, at 
the same time . 

Fig. 8 shows a configuration example of an equivalent 
circuit of a current control circuit for supplying coil 
current to the three-phase motors wherein the control 
mechanism for the coil current according to the present 
invention is applied. 

In the example shown in the drawing, the stator coil 
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has a configuration employing the delta-connection. On the 
other hand, the current control circuit shown in the drawing 
has a full-bridge configuration wherein a first circuit for 
controlling the U-phase magnetic flux distribution, formed 
of a pnp transistor U 1 and an npn transistor U, connected in 
the forward direction, a second circuit for controlling the 
V-phase magnetic flux distribution, having the same 
configuration formed of a pnp transistor V 1 and an npn 
transistor V, connected in the forward direction, a third 
circuit for controlling the W-phase magnetic flux 
distribution, having the same configuration formed of a pnp 
transistor W 1 and an npn transistor W, connected in the 
forward direction, are connected in parallel. Furthermore, 
each of the collectors of the pnp transistors U T , V, and W, 
of these three circuits each of which are formed of a pair 
of transistors connected in the forward direction, are 
connected to the power supply voltage Vcc, as well as the 
emitters of the other npn transistors U, V, and W, being 
connected to the ground GND, in parallel. Furthermore, one 
end of a coil A is connected to the node between the 
transistors U' and U, and the other end thereof is connected 
to the node between the transistors V and V. In the same 
way, one end of a coil B is connected to the node between 
the transistors V f and V, and the other end thereof is 
connected to the node between the transistors W and W. In 
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the same way, one end of a coil C is connected to the node 
between the transistors W f and W, and the other end thereof 
is connected to the node between the transistors U' and U. 

The PWM control logic circuit generates current 
commands for the aforementioned coils A, B, and D, for each 
phase, based upon current commands for controlling the 
stator magnetic field (torque commands) 10 from an unshown 
central control unit so as to perform switching-control of 
transistors U', U, V , V, W, and W, with PWM method. Thus, 
switching operation between the state wherein each of coil 
currents I A , Ib, and I c , are applied to the corresponding 
phase coil, and the state wherein no current is applied to 
the coil, is alternately formed for each of the coils. 

On the other hand, Fig. 9 shows a configuration of the 
bridge portion employing the star connection with three- 
phase coils, not the delta connection. In this case, as 
shown in the drawing, one ends the phase-coils A, B, and C, 
are terminated, as well as the other ends thereof are 
serially connected to the nodes between the pnp transistor 
U 1 and the npn transistor U, between the pnp transistor V 1 
and the npn transistor V, and between the pnp transistor W 
and the npn transistor W, respectively. 

Again, description will be made with reference to Fig. 
8. The PWM control logic circuit generates current commands 
for the aforementioned coils A, B, and C, for each phase, 
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based upon current commands for controlling the stator 
magnetic field (torque commands) 10 from an unshown central 
control unit so as to perform switching-control of 
transistors U f , U, V 1 , V, W , and W, with PWM method. Thus, 
switching operation between the state wherein each of coil 
currents I A , I B , and I c , are applied to the corresponding 
phase coil, and the state wherein no current is applied to 
the coil, is alternately formed for each of the coils. 

That is to say, upon turning on the transistors U 1 and 
V, as well as turning off the transistors U and V f , current 
is applied to the coil A, whereby the current I A flows in 
the direction of the arrow in Fig. 8. Subsequently, upon 
turning off the transistors U ? and V, the coil A goes off. 

In the same way, upon turning on the transistors V and 
W, as well as turning off the transistors V and W 1 , current 
is applied to the coil B, whereby the current I B flows in 
the direction of the arrow in Fig. 8. Subsequently, upon 
turning off the transistors V f and W, the coil B goes off. 

In the same way, upon turning on the transistors W and 
U, as well as turning off the transistors W and U f , current 
is applied to the coil C, whereby the current I c flows in 
the direction of the arrow in Fig. 8. Subsequently, upon 
turning off the transistors W 1 and U, the coil C goes off. 

The controller according to the present embodiment 
further includes an additional logic circuit for converting 
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the control signals output from the PWM control logic 
circuit for controlling on/off operations of the transistors 
U' , U, V T , V, W , and W. 

The aforementioned additional logic circuit converts 
the control signals output from the PWM control logic 
circuit based upon the BREAK_PWM signals, for performing 
switching operation between the state wherein the coil is 
open-circuited, and the state wherein the coil is short- 
circuited, during off-periods of the coil. That is to say, 
the toothcomb-waveform signals are input to the additional 
logic circuit during the period wherein all the coils are 
open-circuited, thereby generating intermittent short 
circuit in the coils. 

Fig. 10 shows a specific circuit configuration of the 
additional logic circuit. With the additional logic circuit 
shown in Fig. 10, the logical control signals U 0 , U 0 ', V 0 , 
V 0 f , W 0 , and W 0 1 , output from the PWM control logic circuit, 
for controlling the transistors W, W', V, V, W, and W 1 , 
respectively, are converted into the final logical control 
signals, as follows. 

First, the logical product of the logical signals U 0 1 , 
V 0 f , and W 0 f is taken (which will be referred to as "AND(U 0 f , 
V 0 ! , W 0 f )"), and the logical inversion of the logical add of 
the logical signals U 0 , V 0 , and W 0 is taken (which will be 
referred to as "INV • OR(U 0 , V 0 , W 0 )"). Subsequently, the 
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logical inverse of the logical product of AND(Uo'/ Vo 1 , W 0 ') 
and the INV ■ OR(U 0 , V 0 , W 0 ) is taken (which will be referred 
to as "INV-AND_1") . Furthermore, the logical add of the 
INV-AND_1 and the logical inversion of BREAK_PWM control 
signals is taken (which will be referred to as "0R_1") . 
Subsequently, the logical products of the 0R_1, and each of 
Uo, Uo 1 , V 0 , Vo', Wof and Wo 1 , are taken, serving as the final 
transistor control signals Ui, Ui ' , V x , Vi', Wi, and Wi 1 , 
respectively. 

In the event that the high-level BREAK_PWM control 
signals are input to the additional logic circuit, the 
additional logic circuit converts the control signals output 
from the PWM control logic circuit such that the coils are 
short circuited during off-periods of the coils. The PWM 
control logic circuit outputs the transistor control signals 
of the high-level U'o, and V 0 1 , and the low-level U 0 , and V 0 , 
during off-periods of the coil A. On the other hand, in the 
event that the toothcomb-wavef orm BREAK_PWM control signals 
(mixture signals of the high-level and low-level BREAK_PWM 
control signals) are input to the additional logic circuit, 
the additional logic circuit converts the high-level U'o, 
and V 0 ' into the low-level Ui 1 , and Vi f , during the periods 
of the high-level BREAK_PWM control signals, thereby 
generating intermittent short circuit in the coil A. 

In the same way, the PWM control logic circuit outputs 
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the transistor control signals of the high-level V' 0 , and Wo 1 , 
and the low-level V 0 , and W 0/ during off-periods of the coil 

B. On the other hand, in the event that the toothcomb- 
waveform BREAK_PWM control signals (mixture signals of the 
high-level and low-level BREAK_PWM control signals) are 
input to the additional logic circuit, the additional logic 
circuit converts the high-level V'o, and W 0 ' into the low- 
level Vi', and Wi 1 , during the periods of the high-level 
BREAK_PWM control signals, thereby generating intermittent 
short circuit in the coil B. 

In the same way, the PWM control logic circuit outputs 
the transistor control signals of the high-level Wo 1 , and Uo 1 , 
and the low-level W 0 , and U 0 , during off-periods of the coil 

C. On the other hand, in the event that the toothcomb- 
waveform BREAK_PWM control signals (mixture signals of the 
high-level and low-level BREAK_JPWM control signals) are 
input to the additional logic circuit, the additional logic 
circuit converts the high-level W f 0 , and Uo 1 into the low- 
level Wi', and Ui', during the periods of the high-level 
BREAK_PWM control signals, thereby generating intermittent 
short circuit in the coil C. 

On the other hand, in the event that the low-level 
BREAK_PWM control signals are input to the additional logic 
circuit, the additional logic circuit outputs the transistor 
control signals from the PWM control logic circuit without 
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change, and accordingly, the state wherein the coils A, B, 
and C, are open-circuited during off-periods of the coils, 
is maintained. 

In the event that the coil is short-circuited during an 
off-period of the coil, time required for the coil current 
returning to zero increases due to transient response from 
the inductance component L of the coil and the DC resistance 
component R thereof (described above) . In this case, in the 
event that switching operation is repeated between the state 
wherein current is applied to the coil and the state wherein 
coil is short-circuited, the next current application to the 
coil is started prior to the coil current returning to zero 
during the off-period of the coil, and accordingly, the 
maximal current of the coil gradually increases, for each 
time switching operation between the state wherein current 
is applied to the coil, and the state wherein no current is 
applied to the coil, is repeated. In the same way, the 
effective value I € ff of the coil current gradually increases 
as shown in the drawing. 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t ■ I) . 
Accordingly, in the event that switching operation between 
the state wherein the current is applied to the coil, and 
the state wherein the coil is short-circuited, is repeated, 
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the effective value of the motor torque increases due to an 
increase of the coil current. That is to say, the motor 
coil is short-circuited during off-period, and accordingly, 
immediate decay of the current (more precisely, the flow of 
charges), which flows in the coil of the motor, is prevented, 
thereby reducing loss of the torque. Furthermore, this 
prevents irregularity in the torque due to cogging. 

On the other hand, in the event that the coil is short- 
circuited during off-period, the motor has a kind of 
viscosity resistance, as described above. However, in the 
event that such a motor is employed in a robot, a problem 
occurs that the robot has no compliance (mechanical 
compliance) from braking due to the coil being short- 
circuited. 

Accordingly, with the controller according to the 
present embodiment, the additional logic circuit converts 
the control logical signals output from the PWM control 
logic circuit based upon the B RE AKE _P WM control signals so 
as to control the ratio of the state wherein the coil is 
open-circuited, as to the state wherein the coil is short- 
circuited, during off-periods of the motor coil. 

Note that the transient response properties of the coil 
current in a case of the coil being open-circuited during an 
off-period of the coil, are represented by the Expression 
(2) . On the other hand, the transient response properties 
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of the coil current in a case of the coil being short- 
circuited, are represented by the Expression (5) . In the 
event that switching operation is performed between the 
state wherein the coil is open-circuited, and the state 
wherein the coil is short-circuited, during an off-period of 
the motor coil, under the PWM control, the properties of the 
coil current are represented by the mixture value of the 
properties of the coil current in a case of the coil being 
short-circuited, and in a case of the coil being open- 
circuited, calculated based upon the duty ratio thereof. 

Fig. 11 shows the output properties of the transistor 
control signals for performing PWM control, converted by the 
additional logic circuit based upon BREAK_PWM control 
signals with a predetermined duty ratio, along with the coil 
current waveform. 

In the event that the coil is short-circuited during 
off-period of the coil, the time required for the coil 
current returning to zero increases due to transient 
response. Conversely, in the event that the coil is open- 
circuited during off-period of the coil, the time required 
for the coil current returning to zero is reduced. In the 
event of performing PWM control using the control signals 
converted by the additional logic circuit based upon 
BREAK_PWM control signals, the properties of the coil 
current are represented by the mixture of the properties of 
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the state wherein the coil is open-circuited, and the state 
wherein the coil is short-circuited, during off-periods of 
the coil, calculated based upon a duty ratio of the 
BREAK_PWM control signals. 

In the event that the switching operation between the 
state wherein current is applied to the coil, and the state 
wherein the coil is short-circuited, is repeated, the next 
current application to the coil is started prior to the coil 
current returning to zero during the off-period of the coil, 
and accordingly, the maximal current of the coil gradually 
increases, for each time switching operation between the 
state wherein current is applied to the coil, and the state 
wherein no current is applied to the coil, is repeated. 
Note that the gradient of the maximal current of the coil as 
to time is generally proportional to the duty ratio of the 
BREAK_PWM control signals, i.e., the ratio of the width of 
the high-level BREAK_PWM control signals. In the same way, 
while the effective value I e ff of the coil current gradually 
increases, the gradient thereof is generally proportional to 
the duty ratio of the BREAK_PWM control signals, i.e., the 
ratio of the width of the high-level BREAK_PWM control 
signals . 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t ■ I) . 
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Accordingly, in the event that switching operation between 
the state wherein current is applied to the coil, and the 
state wherein no current is applied to the coil, is repeated, 
the effective value of the motor torque increases due to an 
increase of the coil current. The gradient of the effective 
value of the motor torque as to time is generally 
proportional to the duty ratio of the BREAK_PWM control 
signals, i.e., the ratio of the width of the high-level 
BREAK_PWM control signals. In the same way, the viscosity 
coefficient, which determines the viscosity resistance 
occurring due to the counter electromotive force of the 
motor coil, is proportional to the ratio of the width of the 
high-level BREAK_PWM control signals. That is to say, the 
effective value of the motor torque, and the viscosity 
coefficient, which determines the viscosity resistance, can 
be dynamically controlled by adjusting the duty ratio of the 
BREAK_PWM control signals. 

Thus, the two properties as follows can be controlled 
by adjusting the duty ratio of the BREAK_PWM control signals. 

(1) The viscosity coefficient, which determines the 
viscosity resistance of the motor, can be controlled. 

(2) The current (the flow of charges), which flows in 
each coil during the off-period of the coils A, B, and C, 
for each phase, can be controlled (see the arrows in Fig. 
11) . 
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In this case, in the event that the duty ratio of the 
BREAK_PWM control signals is adjusted so as to increase the 
viscosity coefficient, the motor exhibits the improved 
retentivity, thereby reducing irregularity in torque due to 
cogging or the like. Furthermore, in a case of employing 
the controller according to the present embodiment for a 
servo motor, the compliance with external force can be 
controlled. 

As described above, the additional logic circuit 
converts the control logical signals output from the PWM 
control logic circuit based upon the BREAK_PWM control 
signals with a predetermined duty ratio, for performing PWM 
control, thereby controlling the ratio of the state wherein 
the coil is open-circuited, as to the state wherein the coil 
is short-circuited, during an off-period of the coil, 
according to the desired mechanical properties. 

Thus, the present invention eliminates the problem of 
loss of the torque due to decay of the current (more 
precisely, the flow of charges) , which flows in the coil of 
the motor, during the period of the coil being open- 
circuited, the problem of irregularity in torque due to 
cogging, and the problem of shortage of compliance 
(mechanical compliance) from braking due to the coil being 
short-circuited during the off-period of the motor coil, at 
the same time. 
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Fig. 12 shows another configuration example of an 
equivalent circuit of a current control circuit for 
supplying coil current to the three-phase motors wherein the 
control mechanism for the coil current according to the 
present is applied. 

In the example shown in the drawing, the stator coil 
has a configuration employing the delta-connection. The PWM 
control logic circuit generates current commands for the 
aforementioned coils A, B, and C, for each phase, based upon 
current commands for controlling the stator magnetic field 
(torque commands) 10 from an unshown central control unit so 
as to perform switching-control of transistors U 1 , U, V, V, 
W, and W, with PWM method. 

The current control circuit shown in Fig. 12 has a 
full-bridge configuration wherein a first circuit for 
controlling U-phase magnetic flux distribution, formed of a 
pnp transistor U' and an npn transistor U, connected in the 
forward direction, a second circuit for controlling V-phase 
magnetic flux distribution, having the same configuration 
formed of a pnp transistor V 1 and an npn transistor V, 
connected in the forward direction, a third circuit for 
controlling W-phase magnetic flux distribution, having the 
same configuration formed of a pnp transistor W f and an npn 
transistor W, connected in the forward direction, are 
connected in parallel. Furthermore, each of the collectors 
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of the pnp transistors U', V, and W 1 , of these three 
circuits each of which are formed of a pair of transistors 
connected in the forward direction, are connected to the 
power supply voltage Vcc, as well as the emitters of the 
other npn transistors U, V, and W, being connected to the 
ground GND, in parallel. Furthermore, one end of a coil A 
is connected to the node between the transistors U 1 and U, 
and the other end thereof is connected to the node between 
the transistors V and V. In the same way, one end of a 
coil B is connected to the node between the transistors V 1 
and V, and the other end thereof is connected to the node 
between the transistors W f and W. In the same way, one end 
of a coil C is connected to the node between the transistors 
W f and W, and the other end thereof is connected to the node 
between the transistors U' and U. 

Note that Fig. 9 shows a configuration of the bridge 
portion employing the star connection with three-phase coils, 
not the delta connection (described above) . 

The PWM control logic circuit generates current 
commands for the coils, based upon current commands for 
controlling the stator magnetic field (torque commands) IO 
from an unshown central control unit so as to perform 
switching-control of transistors U 1 , U, V, V, W f , and W, 
with PWM method, thereby repeating switching operation 
between the state wherein coil currents I A , Ib/ and I c , are 
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applied to the coils, and the state wherein no current is 
applied to the coils. 

That is to say, upon turning on the transistors U 1 and 
V, as well as turning off the transistors U and V , current 
is applied to the coil A, whereby the coil current I A flows 
in the direction of the arrow in Fig. 12. Subsequently, 
upon turning off the transistors U ? and V, the coil A goes 
off. 

In the same way, upon turning on the transistors V 1 and 
W, as well as turning off the transistors V and W, current 
is applied to the coil B, whereby the coil current I B flows 
in the direction of the arrow in Fig. 12. Subsequently, 
upon turning off the transistors V and W, the coil B goes 
off. 

In the same way, upon turning on the transistors W and 
U, as well as turning off the transistors W and U 1 , current 
is applied to the coil C, whereby the coil current I c flows 
in the direction of the arrow in Fig. 12. Subsequently, 
upon turning off the transistors W 1 and U, the coil C goes 
off. 

In the example shown in the drawing, control logical 
signals inverted by the inverters are input to the 
transistors U 1 , V, and W. That is to say, with the 
configuration shown in the drawing, in the event of off- 
periods of all the coils, all the coil terminals are short- 
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circuited to the power supply voltage V cc . 

Furthermore, the additional logic circuit converts the 
control signals output from the PWM control logic circuit 
based upon toothcomb-wavef orm BREAK__PWM signals , during the 
off-periods of the coils wherein all the coil terminals are 
short-circuited to the power supply voltage V cc , thereby 
intermittently generating open-circuit states in the coils. 

Fig. 13 shows a specific circuit configuration of the 
additional logic circuit. With the additional logic circuit 
shown in Fig. 13, the logical control signals U 0 , U 0 1 , V 0 , 
W, W 0 , and W 0 1 , output from the PWM control logic circuit, 
for controlling the transistors W, W 1 , V, V, W, and W 1 , 
respectively, are converted into the final logical control 
signals, as follows. 

First, the logical product of the logical signals Uo', 
V 0 ', and W 0 ' is taken (which will be referred to as "AND (Uo 1 , 
Vo', Wo 1 )"), and the logical inversion of the logical add of 
the logical signals Uo 1 , V 0 f , and W' 0 is taken (which will be 
referred to as "INV • OR(U 0 T , V 0 ', Wo')")- Subsequently, the 
logical add of AND(U 0 ', V 0 1 , W 0 ? ) and the INV ■ OR (IV, V 0 1 , 
Wo 1 ) is taken, which will be referred to as "first logical 
add" . 

Second, the logical product of the logical signals Uo, 
V 0 , and W 0 is taken (which will be referred to as "AND(U 0 , V 0 , 
W 0 )"), and the logical inversion of the logical add of the 
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logical signals U 0/ V 0 , and W 0 is taken (which will be 
referred to as "INV • OR(U 0 , V 0 , W 0 )"). Subsequently, the 
logical add of AND(U 0 , V 0 , W 0 ) and the INV • OR(U 0 , V 0 , W 0 ) is 
taken, which will be referred to as "second logical add". 

Furthermore, the logical inversion of the logical 
product of the first logical add and the second logical add 
is taken (which will be referred to as "INV-AND__1" ) . 
Furthermore, the logical add of the INV-AND_1 and the 
BREAK_PWM control signals is taken (which will be referred 
to as "0R_1") . Subsequently, the logical products of the 
0R_1, and each of U 0 , U 0 1 , V 0 , V 0 1 , W 0 , and W 0 ', are taken, 
serving as the final transistor control signals Ui, Ui ' , Vi, 
Vi 1 , Wi, and Wi 1 , respectively. 

In the event that the low-level BREAK_PWM control 
signals are input to the additional logic circuit, the 
additional logic circuit converts the control signals output 
from the PWM control logic circuit such that the coils are 
open circuited during off-periods of the coils. The PWM 
control logic circuit outputs the transistor control signals 
of the low-level U'or and V 0 ', and the low-level U 0 , and V 0 , 
during off-periods of the coil A. On the other hand, in the 
event that the toothcomb-wavef orm BREAK_PWM control signals 
(mixture signals of the high-level and low-level BREAK_PWM 
control signals) are input to the additional logic circuit, 
the additional logic circuit converts the low-level U' 0/ and 
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Vo 1 into the high-level Ui', and Vi 1 , during the periods of 
the low-level BREAK_PWM control signals, thereby generating 
intermittent open circuit in the coil A. 

In the same way, the PWM control logic circuit outputs 
the transistor control signals of the low-level V'o, and Wo', 
and the low-level V 0 , and W 0 , during off-periods of the coil 

B. On the other hand, in the event that the toothcomb- 
waveform BREAK_PWM control signals (mixture signals of the 
high-level and low-level BREAK_PWM control signals) are 
input to the additional logic circuit, the additional logic 
circuit converts the low-level V f o, and Wo 1 into the high- 
level Vi', and Wi', during the periods of the low-level 
BREAK_PWM control signals, thereby generating intermittent 
open circuit in the coil B. 

In the same way, the PWM control logic circuit outputs 
the transistor control signals of the low-level W' 0 , and tV, 
and the low-level W 0 , and U 0 , during off-periods of the coil 

C. On the other hand, in the event that the toothcomb- 
waveform BREAK_PWM control signals (mixture signals of the 
high-level and low-level BREAK_PWM control signals) are 
input to the additional logic circuit, the additional logic 
circuit converts the low-level W'o, and U 0 ' into the high- 
level Wi', and Ui', during the periods of the low-level 
BREAK_PWM control signals, thereby generating intermittent 
open circuit in the coil C. 
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On the other hand, in the event that the high-level 
BREAK_PWM control signals are input to the additional logic 
circuit, the additional logic circuit outputs the transistor 
control signals from the PWM control logic circuit without 
change, and accordingly, the state wherein the coils A, B, 
and C, are short-circuited during off-periods of the coils, 
is maintained. 

Fig. 14 is a timing chart which shows the waveforms of 
the transistor control signals Ui, Ui', Vi, Vi 1 , Wi, and Wi f , 
converted by the additional logic circuit based upon the 
BREAK_PWM signals, wherein the state of the coil being open- 
circuited is included in the state of the coil being short- 
circuited at a predetermined timing during off-periods of 
the coils A, B, and C. 

In the event that all the logical signals, Uo, Uo' , Vo, 
Vo 1 , W 0 , and Wo 1 , for controlling switching operations of the 
corresponding transistors, input to the additional logic 
circuit, are at high-level, the additional logic circuit 
intermittently converts the high-level logical signals U 0 , V 0 , 
and Wo, into the low-level logical signals Ui, Vi, and Wi, 
respectively, at predetermined timing. That is to say, the 
additional logic circuit generates the control logical 
signals such that the state wherein the pnp transistors are 
off is maintained, and the state wherein the npn transistors 
which have been on are turned off is intermittently caused 
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by masking the original logical signals with the BREAK_J?WM 
signals, thereby generating the periods wherein the coils 
are open-circuited. 

In the event that all the logical signals, U 0 , U 0 ', V 0 , 
V 0 ', W 0 , and W 0 f , for controlling switching operations of the 
corresponding transistors, input to the additional logic 
circuit, are at low-level, the additional logic circuit 
intermittently converts the low-level logical signals U 0 1 , 
V 0 ', and W 0 ', into the high-level logical signals Ui f , Vi', 
and Wi', respectively, at predetermined timing. That is to 
say, the additional logic circuit generates the control 
logical signals such that the state wherein the npn 
transistors are off is maintained, and the state wherein the 
pnp transistors which have been on are turned off is 
intermittently caused by masking the original logical 
signals with the BREAK_PWM signals, thereby generating the 
periods wherein the coils are open-circuited. 

In the event that the switching operation between the 
state a current is applied to the coil, and the operation 
wherein the coil is short-circuited, is repeated, the next 
current application to the coil is started prior to the coil 
current returning to zero during the off -period of the coil. 
Accordingly, the maximal current of the coil gradually 
increases, for each time switching operation between the 
state wherein current is applied to the coil, and the state 
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wherein no current is applied to the coil, is repeated. 
Note that the gradient of the maximal current of the coil as 
to time is generally proportional to the duty ratio of the 
BREAK_PWM control signals, i.e., the ratio of the width of 
the high-level BREAK_PWM control signals. In the same way, 
while the effective value I e ff of the coil current gradually 
increases, the gradient thereof is generally proportional to 
the duty ratio of the BREAK_PWM control signals, i.e., the 
ratio of the width of the high-level BREAK__PWM control 
signals . 

On the other hand, the output torque T of the motor is 
represented by the value wherein the coil current is 
multiplied by the torque coefficient K t (T = K t • I) . 
Accordingly, in the event that switching operation between 
the state wherein current is applied to the coil, and the 
state wherein no current is applied to the coil, is repeated, 
the effective value of the motor torque increases due to an 
increase of the coil current. The gradient of the effective 
value of the motor torque as to time is generally . 
proportional to the duty ratio of the BREAK_PWM control 
signals, i.e., the ratio of the width of the high-level 
BREAK_PWM control signals. In the same way, the viscosity 
coefficient, which determines the viscosity resistance 
occurring due to the counter electromotive force of the 
motor coil, is proportional to the ratio of the width of the 



- 72 - 



high-level BREAK_PWM control signals. That is to say, the 
effective value of the motor torque, and the viscosity 
coefficient, which determines the viscosity resistance, can 
be dynamically controlled by adjusting the duty ratio of the 
BREAK_PWM control signals. 

The controller according to the present embodiment 
employs BREAK_PWM signals with a carrier frequency around 10 
through 100 times as great as with the PWM control signals. 
Thus, the two properties as follows can be controlled by 
adjusting the duty ratio of the BREAK_PWM control signals. 

(1) The viscosity coefficient, which determines the 
viscosity resistance of the motor, can be controlled. 

(2) The current (the flow of charges), which flows in 
each coil during the off-period of the coils A, B, and C, 
for each phase, can be controlled. 

In this case, in the event that the duty ratio of the 
BREAK_PWM control signals is adjusted so as to increase the 
viscosity coefficient, the motor exhibits the improved 
retentivity, thereby reducing irregularity in torque due to 
cogging or the like. Furthermore, in a case of employing 
the controller according to the present embodiment for a 
servo motor, the compliance with external force can be 
controlled. 

As described above, the additional logic circuit 
converts the control logical signals output from the PWM 
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control logic circuit based upon the BREAK_PWM control 
signals with a predetermined duty ratio, for performing PWM 
control, thereby controlling the ratio of the state wherein 
the coil is open-circuited, as to the state wherein the coil 
is short-circuited, during an off-period of the coil, 
according to the desired mechanical properties. 

Thus, the present invention eliminates the problem of 
loss of the torque due to decay of the current (more 
precisely, the flow of charges) , which flows in the coil of 
the motor, during the period of the coil being open- 
circuited, the problem of irregularity in torque due to 
cogging, and the problem of shortage of compliance 
(mechanical compliance) from braking due to the coil being 
short-circuited during the off-period of the motor coil, at 
the same time. 

As described above, with the present embodiment, the 
viscosity resistance of the motor can be controlled by 
adjusting the duty ratio of the BREAK_PWM signals. Fig. 15 
shows the relation between the duty ratio of the BREAK__PWM 
signals, i.e., the ratio of the width of the high-level 
BREAK_PWM signals, and the viscosity coefficient, in a case 
of employing the current control method for the three-phase 
motor shown in Fig. 12. As shown in the drawing, upon 
setting a given duty ratio of the BREAK_PWM signals, a 
single value of the viscosity coefficient is obtained. 



- 74 - 



Accordingly, the viscosity coefficient of the motor can be 
controlled by adjusting the duty ratio of the BREAK_PWM 
signals . 

On the other hand, Fig. 16 shows the relation between 
the command value for controlling motor torque and the 
effective value of the motor coil current, in a case of 
employing the current control method for the three-phase 
motor shown in Fig. 12, wherein the duty ratio of the high- 
level BREAK__PWM signals is adjusted. As can be understood 
from the drawing, the effective value of the motor coil 
current is controlled by adjusting the duty ratio of the 
BREAK_PWM signals. 

On the other hand, Fig. 17 shows the relation between 
the command value for controlling motor torque and the 
output torque of the motor, in a case of employing the 
current control method for the three-phase motor shown in 
Fig. 12, wherein the duty ratio of the high-level BREAK_PWM 
signals is adjusted. As can be understood from the drawing, 
the output motor torque is controlled by adjusting the duty 
ratio of the BREAK_PWM signals. 

As shown in Fig. 15, the viscosity coefficient of the 
motor can be controlled by adjusting the duty ratio of the 
high-level BREAK_PWM signals. In the same way, the command 
value for controlling the motor torque, and the properties 
of the output motor torque, can be controlled by adjusting 
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the duty ratio of the high-level BREAK_PWM signals. 

Now, the properties required for the motor used as a 
joint actuator of multi-axial robot are as follows, 

(1) The motor should have high torque. 

(2) The motor should generate torque linearly 
corresponding to a torque control command value. 

(3) The motor should have suitable mechanical 
flexibility (compliance) for responding to torque occurring 
due to external influence, with suitable sensitivity. 

In the event that the duty ratio of high-level 
BREAK_PWM signals is great, the motor has the advantages 
with regard to the properties (1) and (2), but has the 
disadvantage of difficulty in exhibiting the property (3). 
Conversely, in the event that the duty ratio of the high- 
level BREAK_PWM signals is small, the. motor has advantages 
with regard to the property (3) , but has the disadvantage of 
difficulty in exhibiting the properties (1) and (2) . The 
trade-off relation exists between the viscosity coefficient 
and the output motor torque. 

Accordingly, the duty ratio of the BREAK_PWM signals is 
determined, such that the obtained viscosity coefficient is 
sufficiently small as compared with the duty ratio thereof 
of 100%, and loss of the motor current is sufficiently small, 
based upon the properties of the motor shown in Figs. 15 and 
17. As a result, a duty ratio of the BREAK__PWM signals is 
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determined in the range between 30 and 40%, so that the 
additional logic circuit converts the original torque 
control command values into suitable torque control command 
values so as to satisfy all the above-described required 
properties. 

Fig. 18 shows the relation between the motor torque 
control value and the output motor torque with the duty 
ratio of the BREAK_PWM signals of 37%, subjected to 
mathematical correction. The original relation thereof 
exhibits marked non-linearity around 30% of the motor torque 
control command value, and accordingly, correction is 
performed such that the aforementioned range exhibits 
general linearity. 

Note that in the event that the duty ratio of BREAK__PWM 
signals is 100%, the gradient (which will be referred to as 
"Kam P "f hereafter) of the obtained motor torque (which will 
be referred to as "T", hereafter) as to the motor torque 
control value (which will be referred to as "r" hereafter) 
exhibits the maximal value. The aforementioned correction 
is performed such that the corrected relation between the 
motor torque control value and the output motor torque with 
an arbitrary duty ratio of BREAK_PWM signals generally 
matches the relation therebetween with the duty ratio of 
BREAK_PWM signals of 100%. 

Specific description will be made below regarding the 
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aforementioned correction. First, the gradient of T as to r 
of 30% or more with the duty ratio of the BREAK_PWM signals 
of 37% is obtained, which will be referred to as "K". 

Next, the torque TO is obtained, which is generated 
corresponding to r of 30% with the duty ratio of the 
BREAK_PWM signals of 37%. Next, the torque Tl is obtained, 
which is generated corresponding to r of 30% with the duty 
ratio of the BREAK_PWM signals of 100%. Note that the stall 
torque Ts of the motor is constant, regardless of the duty 
ratio of the BREAK_PWM signals. 

The corrected relation between the motor torque control 
value r and the output torque is obtained as follows. In 
the event that the motor torque control value r is equal to 
or greater than 0 and equal to or less than 30%, the 
corrected motor torque control value is a value wherein the 
motor torque control value r is multiplied by (T1/T0) , which 
is input to the torque control logic circuit. That is to 
say, the corrected motor torque control value r 1 = (T1/T0) ■ 
r . 

In the event that the motor torque control value r is 
equal to or greater than 30%, the corrected motor torque 
control value r' = (1/K) • (Kamp " r - TO) + r 30 , which is 
input to the torque control logic circuit. Note that r 30 
denotes that r is 30%. As can be easily understood, in the 
event that the corrected motor torque control value r f is 
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substituted for r in the relation between the motor torque 
control value and the output motor torque with the duty 
ratio of BREAK_PWM signals 37% (T = K • (r - r 30 ) + TO), the 
relation T = Kamp • r 1 is obtained, which matches the 
relation therebetween with the duty ratio of BREAK_PWM 
signals 100% (see Fig. 19) . 

B. Operation speed and mechanical compliance of joint 
actuator for robot 

A ambulatory mobile robot has been disclosed in 
Japanese Unexamined Patent Application Publication No- 2001- 
233691, which has been transferred to the present applicant, 
wherein high-speed switching is repeated between the open- 
link state and the closed-link state according to the 
external situation or the working situation. The robot has 
legs including one or more rotational joints (a joint may 
have two or more degrees of freedom) , and has a 
configuration wherein the legs include compliance means 
(e.g., a speed reducer with backlash), which exhibits the 
minimal compliance so as to eliminate the margin of error 
for the movement thereof, and furthermore, the movable range 
of each leg is suitably controlled. Note that, even in the 
event that an actuator for driving a joint portion has no 
means for obtaining the torque information, high-speed 
switching between the closed-link state and the open-link 
state is repeated in a sure manner. 
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For example, a bipedal robots includes geared motors 
with small backlash at portions close to the waist serving 
as the origin of the coordinates system, and geared motors 
with great backlash at portions close to a toe or a finger, 
so as to obtain the optimal properties. 

Furthermore, the second method for optimizing the 
properties of a robot is that the margin of positional error 
is controlled by adjusting the open-loop gain of the 
positional servo compensator of each joint-axis actuator. 
That is to say, in the event that the actuators have uniform 
backlash, servo deviation serving as backlash is controlled 
by adjusting the servo gain. 

The present embodiment provides an arrangement wherein 
the joint actuator of such a bipedal robot is further 
optimized. That is to say, the present embodiment provides 
an arrangement wherein the phase compensating element of a 
servo controller is adjusted for each joint, as well as the 
proportional gain thereof. . 

Fig. 20 shows a configuration of a servo controller of 
an actuator according to an embodiment of the present 
invention. As shown in the drawing, the servo controller 
has two control elements of the proportional gain K of the 
series compensation, and the phase compensation element C(s), 
wherein the phase compensation element is adjusted for each 
joint, as well as the proportional gain. 
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Note that the phase compensation element is represented 
by the following expression. Here, n and m denote 
predetermined natural numbers, and a± and bi denote 
predetermined real numbers. Note that the phase 
compensation element serving as a state variable corresponds 
to a feedback gain. 
[ Expression 6] 



On the other hand, the transfer function model of a 
motor and a speed reducer G(s) is represented by the 
following expression. Here, s denotes a Laplacian operator, 
K denotes a motor gain, J denotes a moment of inertia of the 
motor, and D denotes a viscosity coefficient of the motor. 
Note that, in this case, taking an assumption that the 
backlash amount of the speed reducer is sufficiently small, 
G(s) is approximated using a liner model. 
[ Expression 7] 



m 





Fig. 21 shows the gain and phase frequency properties 
of the transfer function model G(s) of the motor and the 
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speed reducer shown in Fig. 20. 

First, description will be made regarding design 
examples of phase compensation control in the servo 
controller shown in Fig. 20 , wherein a desired phase 
compensation band is determined (i.e., a desired frequency 
band is determined while maintaining the phase compensation 
amount so as to be constant), with reference to Fig. 22. 

Three design examples are shown in the drawing. 

(1) C(s)-1: Example of phase compensation control 
exhibiting a gain amplification of approximately +5.6 dB 
with a band of 1.0 to 100 Hz, and a phase lead of 
approximately + 18 deg. 

(2) C(s)-2: Example of phase compensation control 
exhibiting a gain amplification of approximately +5.6 dB 
with a band of 0.1 to 10 Hz, and a phase lead of 
approximately + 18 deg. 

(3) C(s)-3: Example of phase compensation control 
exhibiting a gain amplification of approximately +5.6 dB 
with a band of 10 to 1 kHz, and a phase lead of 
approximately + 18 deg. 

As described above, frequency properties of the 
actuator can be freely controlled by adjusting the frequency 
band for performing phase compensation. Thus, the frequency 
properties of a joint shaft of a robot formed of such 
actuators can be dynamically adjusted according to the 
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attitude of the robot or movement situation. 

Note that while description has been made regarding 
examples of phase lead compensation with reference to Fig. 
22, an arrangement may be made wherein a desired frequency- 
band and a desired phase lag are determined such that 
frequency properties are dynamically adjusted using phase 
lag compensation in the same way. 

Next, description will be made regarding design 
examples of phase compensation control in the servo 
controller shown in Fig. 20, wherein a desired phase 
compensation amount is determined (i.e., a desired phase 
compensation amount is determined while maintaining the 
frequency band so as to be constant) , with reference to Fig. 
23. 

Three design examples are shown in the drawing. 

(4) C(s)-4: Example of phase compensation control 
exhibiting a gain amplification of approximately +3.5 dB 
with a band of 4.0 to 70 Hz, and a phase lead of 
approximately + 12 deg. 

(5) C(s)-5: Example of phase compensation control 
exhibiting a gain amplification of approximately +5.6 dB 
with a band of 2.0 to 70 Hz, and a phase lead of 
approximately + 18 deg. 

(6) C(s)-6: Example of phase compensation control 
exhibiting a gain amplification of approximately +6.5 dB 
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with a band of 1.0 to 70 Hz, and a phase lead of 
approximately + 21 deg. 

As described above, frequency properties of the 
actuator can be freely controlled by adjusting the phase 
compensation amount for performing phase compensation. Thus, 
the frequency properties of a joint shaft of a robot formed 
of such actuators can be dynamically adjusted according to 
the attitude of the robot or movement situation. 

Note that description has been made regarding examples 
of phase lead compensation with reference to Fig. 23, an 
arrangement may be made wherein a desired phase compensation 
amount and a desired phase lag are determined such that 
frequency properties are dynamically adjusted using phase 
lag compensation in the same way. 

Next, description will be made regarding design 
examples of the servo controller shown in Fig. 20, wherein 
the series compensation gain K is adjusted, with reference 
to Fig. 24. The drawing shows the frequency properties 
wherein K is changed by ±3 dB with regard to the frequency 
properties shown in Fig. 22. As shown in the drawing, the 
series compensation gain can be freely adjusted. 

In order to apply the phase compensation control shown 
in Figs. 22 through 24 to the joint shaft driving actuators 
of a robot, the actuator is needed to include a 
communication protocol for dynamically or statically 



- 84 - 



adjusting the parameters for controlling the controllers 
thereof. Thus, the properties of joint shafts of the robot 
can be adjusted in a wide range. 

Next, description will be made regarding the properties 
of an actuator including a servo controller having such 
properties . 

Fig. 25 shows open-loop properties of the actuator 
including the servo controller such that a desired frequency 
band is determined while maintaining the phase compensation 
amount constant as shown in Fig. 22. 

(7) Open loop gain properties employing C(s)-2: The 
frequency property exhibits a gain amplification of 
approximately +5.6 dB with a band of 0.1 to 10 Hz, and a 
phase lead of approximately + 18 deg. In this case, the 
frequency property exhibits relatively high gain over the 
entire frequency range, and accordingly, exhibits improved 
positioning precision and improved response, but leading to 
loss of energy. Furthermore, in the event that the motor 
load increases, the actuator cannot exhibit stable movement. 

(8) Open loop gain properties employing C(s)-1: The 
frequency property exhibits a gain amplification of 
approximately +5.6 dB with a band of 1.0 to 100 Hz, and a 
phase lead of approximately + 18 deg. In this case, the 
frequency property exhibits an intermediate property between 
the frequency properties employing C(s)-2 and C(s)-3. 
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(9) Open loop gain properties employing C(s)-3: The 
freguency property exhibits a gain amplification of 
approximately +5.6 dB with a band of 10 to 1 kHz, and a 
phase lead of approximately + 18 deg. In this case, phase* 
compensation is performed only in a high-frequency range, 
and accordingly, this phase compensation control has marked 
advantages regarding high-speed actions such as running, 
jumping, dancing, or the like, while having little 
advantages regarding slow actions. 

As described above, frequency properties of the 
actuator can be freely controlled by adjusting the frequency 
band for performing phase compensation. Thus, the frequency 
properties of a joint shaft of a robot formed of such 
actuators can be dynamically adjusted according to the 
attitude of the robot or movement situation. 

Furthermore, Fig. 2 6 shows the open loop gain 
properties subjected to phase lead compensation only in the 
high-frequency range shown in Example (9) in Fig. 25, 
further subjected to series compensation gain control. In 
this case, a curve of the frequency property with a constant 
phase shifts in the direction of the gain in the same way as 
with the examples shown in Fig. 24. 

With the example shown in Fig. 25, the phase 
compensation example (9) has little advantages to low-speed 
actions. However, the phase compensation control, wherein 
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gain is further increased in a low-frequency range for the 
phase compensation example (9), exhibits small control 
deviation, as shown in Fig. 26. As a result , the actuator 
can make high-speed response to command values , even in a 
case of low-speed action. 

Description has been made regarding a mechanism for 
adjusting the phase compensating element of a servo 
controller of an actuator for each joint portion, as well as 
the proportional gain of the servo controller. This 
mechanism enables adjustment of force for each local portion, 
and adjustment of compliance (mechanical compliance) of each 
joint portion, in order to exhibit stable and high-efficient 
movement . 

For example, from the point of a positional control 
system, the movement of each joint shaft should be 
controlled by a servo controller having a high gain and wide 
band so as to reduce control deviation. On the other hand, 
from the point of a dynamic model, the movement thereof 
should not be controlled only with a high gain and wide band, 
but also should be controlled by reducing the gain or 
adjusting the frequency band for phase compensation, giving 
consideration to the influence of the potential energy and 
the kinetic energy. 

Furthermore, an arrangement may be made wherein the 
amount of viscosity resistance of the actuator is controlled, 
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in addition to the above-described control of the movement 
speed and the mechanical compliance thereof during an action. 

In general, a motor for generating rotational torque 
due to a predetermined magnetic distribution formed by 
controlling a supplied current to coils, has a configuration 
wherein a switching operating circuit formed of a first 
transistor switch set for connecting the coil terminals to 
the power supply voltage, and a second transistor switch set 
for connecting the coil terminals to the ground, is driven 
by PWM control so as to control coil currents, thereby 
obtaining desired torque, a rotational position, a 
rotational speed, and the like. 

In this case, at the time of no current being applied 
to the coils of the motor due to the coils being open- 
circuited, the current (more precisely, the flow of charges) , 
which flows in the coil of the motor, decays, leading to 
loss of torque. Furthermore, the motor having such a 
configuration often causes irregularity in torque due to 
cogging (as described above) . In order to solve the 
aforementioned problem, the motor coils are controlled to be 
short-circuited during off-periods of the motor coils, 
instead of the open-circuited state, thereby preventing 
immediate decay of the current (more precisely, the flow of 
charges), which flows in the coil of the motor. At this 
time, the counterelectromotive force occurs in the motor 
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coil due to the magnetic flux density from the permanent 
magnet. Accordingly, the force occurs in the direction 
reverse to the rotational direction of the motor due to the 
counterelectromotive force, thereby exhibiting viscosity 
resistance against the rotation from the external force, and 
thereby obtaining effects similar to braking. Such a 
viscosity resistance of the motor reduces irregularity in 
torque due to cogging, without loss of torque. 

On the other hand, a motor having such a configuration 
wherein motor coils are controlled to be short-circuited 
during off-periods of the motor has a kind of viscosity 
resistance, as described above. However, in the event of 
employing such motors in a robot, a problem occurs that 
compliance (mechanical compliance) is insufficient due to 
braking effects from coil being short-circuited. 
Accordingly, with the present invention, the ratio of the 
period of the state wherein the motor coils are open- 
circuited as to the period of the state wherein the motor 
coils are short-circuited during an off-period of the motor 
coils, is adjusted according to desired mechanical 
properties, thereby eliminating the problems of loss of 
torque, and the problem of irregularity in torque from 
cogging, due to decay of current (more precisely, the flow 
of charges) , which flows in the coil of the motor, during 
periods wherein the motor coils are open-circuited, and the 
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problem of shortage of compliance (mechanical compliance) 
from the braking effects due to the coil being short- 
circuited during off-periods of the motor coils, at the same 
time . 

While the ratio of the state of on-periods of the motor 
coils as to the state of off-periods thereof can be 
controlled with PWM control, the ratio of the state wherein 
the motor coils are open-circuited, as to the state wherein 
the motor coils are short-circuited, can be controlled 
during the off-periods of the motor coils with PWM control, 
as well. Also, the viscosity resistance and the mechanical 
compliance can be controlled by performing PWM control for 
the motor coil current in the same way as described above 
with reference to Figs. 4 through 7. 
C. Application to a bipedal mobile robot 

Next, description will be made regarding a bipedal 
mobile robot including an actuator having a servo controller 
according to the present invention at each joint portion. 
Fig. 27 is a schematic diagram which shows a configuration 
example of a bipedal mobile robot having a predetermined 
number of degrees of freedom. 

The drawing shows a humanoid robot including two arms 
and two legs. The present robot has a trunk including two 
arms, two legs, and a head portion, wherein the head portion 
has four degrees of freedom formed of a neck roll axis, a 
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first and a second neck pitch axes, a neck yaw axis, and 
each of the left and right arms have at least four degrees 
of freedom formed of a shoulder joint pitch axis, a shoulder 
joint roll axis, a shoulder joint yaw axis, and an elbow 
joint pitch axis, the trunk has two degrees of freedom 
formed of a trunk roll axis and a trunk pitch axis, and each 
of the left and right legs have at least six degrees of 
freedom formed of a crotch- joint yaw axis, a crotch- joint 
roll axis, a crotch-joint pitch axis, a knee-joint pitch 
axis, an ankle-joint pitch axis, and an ankle-joint roll 
axis . 

The aforementioned degrees of freedom of each joint are 
provided by the actuators including the above-described 
servo controller. Detailed description will be made below 
regarding examples for controlling the gain and the phase 
compensation properties of the actuator employed in each 
joint portion. 

(1) Properties of the actuator employed in the neck 
portion 

With the actuator employed in the neck portion, a high 
proportional gain is employed in order to improve the 
positioning precision with the highest priority. 
Furthermore, a suitable amount of phase lead is employed 
within a range in which deterioration in the stability does 
not occur due to an increase of the proportional gain while 
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maintaining the speed of the movement. Furthermore, a great 
viscosity coefficient is employed for the joint in order to 
obtain robustness against the vibration due to the external 
influence occurring at the time of the portions lower than 
the trunk moving. 

(2) Properties of the actuator employed in the 
shoulder and elbow portions 

In the event that the robot performs a sequential 
movement such as walking, dancing, or the like, the actuator 
is controlled to have the properties so as to exhibit the 
improved mechanical compliance as compared with the 
positioning precision. In this case, the viscosity 
coefficient of the joint is set to a small value so as to 
exhibit movement with compliance. Furthermore, the 
proportional gain is set to a low value in order to reduce 
power consumption. Furthermore, the frequency band for 
performing phase lead compensation is set to a great value, 
and the phase lead is set to a great value, in order to 
increase the speed of the movement. While the robot 
performs various types of movements, the robot may perform a 
reciprocal movement as like a pendulum swinging. In this 
case, the viscosity coefficient of the corresponding joints 
and the proportional gain are set to the minimal values so 
as to obtain mechanical compliance, thereby facilitating use 
of a great part of dynamic energy for the movement. 
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Oh the other hand, in the event that the robot performs 
a loading movement such as pushing or pulling an object, the 
actuator is controlled such that the properties for 
improving positioning precision with the highest priority, 
and the properties for improving the mechanical compliance, 
are dynamically switched according to loading torque. In 
the event that the robot performs movement with force 
greater than the loading torque, the proportional gain and 
the viscosity coefficient of the corresponding joints are 
increased. On the other hand, in the event that the robot 
performs movement with a constant loading force following 
the loading torque, control is not performed only according 
to top-down positioning command values, but is also 
performed by adjusting the proportional gain and the 
viscosity coefficient of the corresponding joints based upon 
the loading torque detected by a torque detector within the 
actuator. Specifically, the proportional gain and the 
viscosity coefficient of the corresponding joints are 
reduced as compared with a case of the above-described 
loading movement so as to obtain mechanical compliance. 

(3) Properties of the actuator employed in the trunk 
portion 

The viscosity coefficient of the corresponding joints 
is increased in order to obtain robustness against the 
vibration occurring from the external influence due to the 
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movement thereof. The proportional gain is set to a high 
value in order to improve the positioning precision with the 
highest priority. A suitable amount of phase lead is 
employed within a range in which deterioration in the 
stability does not occur due to an increase of the 
proportional gain while maintaining the speed of the 
movement . 

(4) Properties of the actuator employed in the crotch- 
j oint portion 

The viscosity coefficient of the corresponding joints 
is increased in order to obtain robustness against the 
vibration occurring from external influence due to the 
movement thereof. The proportional gain is set to a high 
value in order to improve the positioning precision with the 
highest priority. A small amount of phase lead is employed 
within a range in which deterioration in the stability does 
not occur due to an increase of the proportional gain while 
maintaining the speed of the movement. 

(5) Properties of the actuator employed in the knee 
portion 

At the time of the leg of the robot being off the 
ground, or at the point of the leg touching the ground, the 
actuator is controlled so as to improve the mechanical 
compliance with a priority higher than with the positioning 
precision. That is to say, the viscosity coefficient of the 
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corresponding joints is reduced in order to exhibit the 
movement with compliance. Furthermore, the proportional 
gain is set to a small value in order to reduce the power 
consumption, as well as exhibiting the movement with 
compliance. Furthermore, the frequency band for performing 
phase lead compensation is increased, and the phase lead is 
set to a great value, in order to increase the speed of the 
movement . 

On the other hand, at the time of the leg supporting 
the body of the robot, the actuator is controlled so as to 
improve the positioning precision with a priority higher 
than with the mechanical compliance. The viscosity 
coefficient of the corresponding joints is increased in 
order to obtain robustness against the vibration occurring 
from the external influence due to the movement thereof. 
The proportional gain is set to a high value in order to 
improve the positioning precision with the highest priority. 
A small amount of phase lead is employed within a range in 
which deterioration in the stability does not occur due to 
an increase of the proportional gain while maintaining the 
speed of the movement . 

(6) Properties of the actuator employed in the ankle 
portion 

At the time of the leg of the robot being off the 
ground, or at the point of the leg touching the ground, the 
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actuator is controlled so as to improve the mechanical 
compliance with a priority higher than with the positioning 
precision. The viscosity coefficient of the corresponding 
joints is set to a small value so as to obtain the 
mechanical compliance, thereby reducing the impact due to 
the leg portion touching the ground. Furthermore, the 
frequency band for performing phase compensation is 
increased, and the phase lead is set to a great value, in 
order to increase the speed of the movement. 

On the other hand, at the time of the leg supporting 
the body of the robot, the torque generated at the ankle 
portion is increased, and the viscosity coefficient of the 
corresponding joints is set to a great value in order to 
obtain robustness against the vibration occurring from the 
external influence due to the movement thereof. The 
proportional gain is set to a high value in order to improve 
the positioning precision for the ankle portion. A small 
amount of phase lead is employed within a range in which 
deterioration in the stability does not occur due to an 
increase of the proportional gain while maintaining the 
speed of the movement. 

As above, detailed description has been made regarding 
the present invention with reference the specific 
embodiments. However, it is needless to say that various 
modifications and equivalent arrangements may be easily made 
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by one skilled in the art without departing from the spirit 
and scope of the invention. 

The scope of the present invention is not restricted to 
a particular device which is referred to as a "robot". That 
is to say, the present invention may be applied to a device 
in other industrial fields as well, such as a toy or the 
like, as long as the product is a machine apparatus or 
mobile apparatus, which performs movement similar to the 
human movement, using electric or magnetic operation. 

On the other hand, while description has been made in 
this specification regarding circuit examples including 
switching devices formed of bipolar transistors for 
performing switching control of coil currents applied to the 
motor coils, it is needless to say to one skilled in the art 
that this kind of control circuit may readily form these of 
MOS-FETs or other semiconductor devices. 

While the present invention has been described with 
reference to what are presently considered to be the 
preferred embodiments, it is to be understood that the 
invention is not limited to the disclosed embodiments. The 
scope of the present invention should be determined by the 
appended claims. 



